The geomorphic impacts of two weirs on their fluvial systems in the Illawarra Region of New South Wales, Australia by Skorulis, Adam P
University of Wollongong 
Research Online 
Faculty of Science, Medicine & Health - Honours 
Theses University of Wollongong Thesis Collections 
2014 
The geomorphic impacts of two weirs on their fluvial systems in the 
Illawarra Region of New South Wales, Australia 
Adam P. Skorulis 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/thsci 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Skorulis, Adam P., The geomorphic impacts of two weirs on their fluvial systems in the Illawarra Region of 
New South Wales, Australia, International Bachelor of Science, School of Earth & Environmental Science, 
University of Wollongong, 2014. 
https://ro.uow.edu.au/thsci/77 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 
The geomorphic impacts of two weirs on their fluvial systems in the Illawarra 
Region of New South Wales, Australia 
Abstract 
A project aimed at determining the geomorphic impacts of the weirs at Mullet Creek and Macquarie 
Rivulet was conducted in the Illawarra Region of New South Wales, Australia. Dams are known to cause 
disruptions to sediment and water flow, with the effects of large impoundment dams on fluvial 
geomorphology well researched. It has also been previously hypothesised that the weirs in this study may 
be acting as sediment traps and limiting the sedimentation rate of the deltas where both streams flow in 
to Lake Illawarra. The removal of small run-of-river dams and weirs has been recently emphasised both 
locally and internationally. However, there is limited understanding of the morphological impacts these 
smaller structures have on their fluvial systems. 
The project involved; ascertaining the length of time the weirs had been established through aerial and 
historical photographs and literature, a GIS analyses of channel surface area change through time, 
surface sediment sampling and vibracoring. These gave a detailed assessment of the geomorphic effects 
of the weirs on their fluvial systems. 
Channel surface areas and rates of change through time were found to occur independently of the weirs 
at Mullet Creek and Macquarie Rivulet. It follows that weirs in both systems do not act as focal points for 
geomorphic change. Coarse material is transported from areas upstream of the weirs to areas 
downstream and does not accumulate in considerable amounts upstream. Due to the hydraulic effects of 
Lake Illawarra, coarse material is not represented in the deltas of both systems. In addition, the weirs had 
no effect on flood risk to their respective catchment areas. In summary, the weirs have no negative 
geomorphic impacts on the fluvial systems of Mullet Creek and Macquarie Rivulet. These findings oppose 
the previous hypothesis that weirs may act as sediment traps. It is recommended that the weirs be left in 
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A project aimed at determining the geomorphic impacts of the weirs at Mullet 
Creek and Macquarie Rivulet was conducted in the Illawarra Region of New 
South Wales, Australia.  Dams are known to cause disruptions to sediment and 
water flow, with the effects of large impoundment dams on fluvial 
geomorphology well researched.  It has also been previously hypothesised that 
the weirs in this study may be acting as sediment traps and limiting the 
sedimentation rate of the deltas where both streams flow in to Lake Illawarra. 
The removal of small run-of-river dams and weirs has been recently emphasised 
both locally and internationally.  However, there is limited understanding of the 
morphological impacts these smaller structures have on their fluvial systems.   
 
The project involved; ascertaining the length of time the weirs had been 
established through aerial and historical photographs and literature, a GIS 
analyses of channel surface area change through time, surface sediment 
sampling and vibracoring. These gave a detailed assessment of the geomorphic 
effects of the weirs on their fluvial systems.  
 
 Channel surface areas and rates of change through time were found to occur 
independently of the weirs at Mullet Creek and Macquarie Rivulet.  It follows that 
weirs in both systems do not act as focal points for geomorphic change.  Coarse 
material is transported from areas upstream of the weirs to areas downstream 
and does not accumulate in considerable amounts upstream.  Due to the 
hydraulic effects of Lake Illawarra, coarse material is not represented in the 
deltas of both systems.  In addition, the weirs had no effect on flood risk to their 
respective catchment areas.  In summary, the weirs have no negative 
geomorphic impacts on the fluvial systems of Mullet Creek and Macquarie 
Rivulet.  These findings oppose the previous hypothesis that weirs may act as 
sediment traps.  It is recommended that the weirs be left in place due to the 
benefits to the stakeholders for continued access to freshwater. 
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Dams have been utilised to manage water for thousands of years. Examples of which 
include water storage for supply and irrigation, reduction of flooding downstream, 
and for the generation of hydroelectricity (Baxter 1977, Collier 1996, Poff and Hart 
2002, Csiki and Rhoads 2010).  In Australia there at least 446 large dams, (defined 
as having a greater than 10m high crest) storing 8.8*10^7 ML of water (Kingsford 
2000).  The impacts of large dams such as these on the fluvial geomorphology of 
streams are well known.  The water they impound disrupts natural river flow and 
sediment fluxes resulting in sedimentation, and erosion downstream is seen with the 
discharge of sediment-starved water (Baxter 1977, Petts 1979, Galay 1983, Williams 
and Wolman 1984, Chien 1985, Kondolf 1997, Petts and Gurnell 2005, Graf 2006). 
 
Recently, the recognition of the social and ecological importance of our water 
resources has led to a push in river restoration efforts, which have resulted in the 
removal of dams (Chaterjee 1997; Born, Genskow et al. 1998; Bednarek 2001). Dam 
removal is seen to eliminate the interruptions to geomorphic (e.g. sediment 
transport), ecologic (e.g. fish passage and spawning), and hydrologic (e.g. river 
fragmentation) function of the streams they are placed on (Neave et al. 2009) and in 
light of ongoing maintenance costs and the priorities of society, may serve to 
provide the outcome with greatest net benefit (Chaterjee 1997, Born et al. 1998, 
Bednarek 2001, Pejchar and Warner 2001, Hart et al. 2002, Poff and Hart 2002, 
Arthington and Pusey 2003).  
 
Csiki and Rhoads (2010) have highlighted the increasing attention to be focused on 
the removal of small dams, particularly ones where water flows freely over the crest 
of the structures.  These dams are referred to as ‘run-of-river’ dams but are also 
known as weirs or ‘overflow dams’ (Born et al. 1998, NSW Department of Primary 
 2 
Industries 2006).  In the context of this thesis, structures referred to as ‘run-of-river’ 
dams or weirs will have the definition (following (Csiki and Rhoads 2010)) of, a 
structure that extends across the width of a stream or river channel at fixed height 
that generally does not exceed the height of the channel banks upstream. That is, 
water stored upstream is contained within the channel at base flow. 
 
Drivers behind the removal of these structures are seen as similar to those behind 
other dam removals as mentioned above, but smaller size and flow of water means 
that the hydrologic effects are considered to be less (Poff and Hart 2002, Doyle et al. 
2005, NSW Department of Primary Industries 2006, Csiki and Rhoads 2010, Csiki 
and Rhoads 2014).  The cost of removal is also less, and eliminates the cost of 
maintenance to the owners (Born et al. 1998).  Pace of removal of these structures is 
likely to intensify in a US context (Pejchar and Warner 2001, Doyle et al. 2005, Graf 
2005) as well as local one (NSW Department of Primary Industries 2006).   
 
Although the desire for the removal of these structures is intensifying, there have 
been few geomorphic studies that detail the effects of ‘run-of-river’ dams over time, 
or the effects these removals have on their systems.  Local literature is scarce and 
shows a predominant focus on removal in light of ecological reasons (Doeg and 
Koehn 1994, NSW Department of Primary Industries 2006) 
 
The limited literature available is focused in the US and shows considerable 
variability in sedimentation upstream (Lindloff 2003, Wildman and MacBroom 
2005, Orr et al. 2006, Cheng and Granata 2007) with downstream effects on erosion 
only recently investigated (Csiki and Rhoads 2014).  Literature from Korea detailing 
weir removal (Im et al. 2011) was similarly seen to work off US based examples. 
 
Recent studies Csiki and Rhoads (2010) have examined the hydraulic effects of run-
of-river dams, and identified high flow events that significantly overtop the structure 
may serve to transport bedload material. In a continuation Csiki and Rhoads (2014) 
found four streams with run-of-river dam structures in Iowa to have no considerable 
effects on the geomorphology of their systems.  The transport of sand over weirs has 
also been observed in flume studies, in which flows overtopping the weir resulted in 
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transport of material downstream of weir with no accumulation upstream. (Lauchlan 
2004) 
 
Regionally, the impacts of weirs have been assessed with the detailed review of 109 
structures in the 13 Catchment Management Authority regions of NSW.  The review 
highlights dams and weirs as one of the key influences on the degradation of river 
systems, and looks at the ecological impacts of weirs. The predominant findings 
recommend either removal or the construction of features allowing fish access 
upstream with the former veiwed as the most ecologically sound and cost-effective 
outcome. The review however, does not provide specific information detailing 
sediment characteristics upstream and downstream of the weirs,  
 
1.2 Weirs at Mullet Creek and Macquarie Rivulet 
 
It is currently unknown when the weirs were constructed, so there is a need to 
ascertain the length of time they have been impacting on their fluvial systems. 
 
Previous studies in the area have indicated the potential impacts of the weirs on on 
sediment transport in Mullet Creek and Macquarie Rivulet.  Hean and Nanson (1985) 
identify the weir as an area of potential aggradation and indicate that storage capacity 
may decrease significantly due to the accumulation of coarse sediment . Hopley and 
Jones (2007), Hopley (2013) note the lack of coarse sediment present in the delta area 
of Mullet/Hooka Creeks and also attribute this to the backwater effect of the weir 
facilitating the sedimentation of coarse bedload and saltating sediment, while 
allowing finer suspended load sediment to be transported to the delta areas.  
 
Hopley (2013) details that the lack of coarse material being transported to these deltas 
may have increased their vulnerability to sea level rise.  With a potentially lower 
vertical accretion rate resulting in increased inundation of delta area, as in a sea level 
rise scenario. He further highlights  the impact on the entire system of the deltaic and 
estaurine environments the deltas prograde in to with the loss of associated wetlands 
key to the overall health of the systems. 
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Reducing the vulnerabiulty of the sites to sea level rise and increasing storage 
capacity upstream of the weirs is further proposed by Hopley (2013), follwing an 
adaptive approach proposed by Fatorić and Chelleri (2012)for the Ebro delta in Spain. 
In which material (provided there is siginificant accumualtion) is transported from 
upstream of the weir and used to raise toporgaphical lows to artifically increase rates 
of accretion. 
 
The Mullet Creek weir was also subject to a ‘Detailled Weir Report’ as part of the 
NSW Detailed Weir Review (NSW Department of Primary Industries 2006) as 
mentioned above.  This study provided an overview of the structure along with the 
hydrology of the system, the ecological considerations and the proposed preferred 
remediation efforts.  The outcome of this report found the option of weir removal to 
be most ecologically beneficial as well as the most cost effective. 
 
Leaving the weirs in place will ensure stakeholders upstream of them have 
continued access to freshwater to maintain farmland and recreational areas such 
Kembla Grange golf course.However, many of the current studies do not address 
this issue.   
 
1.3 In light of management decisions 
 
The study serves as a baseline reference point to assist in decision making for both 
Wollongong City Council and Shellharbour City Council.  There is need to provide 
detailed information on stream characteristics in light of large scale urban and 
industrial developments in the catchments, for example, the recently approved 
Calderwood Development in Macquarie Rivulet and the West Dapto Access 
Strategy (Lend Lease 2013).  Increasing development will lead to greater runoff and 
increase the size and frequency of flood events (Wollongong City Council 2013) 
within the catchments and will potentially make the flood characteristics more flashy 
than at present due to the orographic effects of the steep slope of the escarpment 
(Leopold 1968, Reinfelds and Nanson 2004, Konrad 2013).   
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The unique characteristics of the streams of the Illawarra region also give this study 
significance.  With features such as a downstream decrease in channel size and 
resulting increased requirement for alluvial floodplains to transport flow under flood 
discharges (Nanson 1980, Nanson and Young 1981, 1981), an understanding of the 
impacts that weir structures have had on Macquarie Rivulet and Mullet Creek 
provides an assessment of the way these type of streams respond to structural 
interferences.  In the future, sea level rise may give need to maintain freshwater 
resources from other streams in the area.  The construction of weirs on other systems 
may be a consideration and this study will serve as background that may further 
assist in decision-making. 
 
 
1.4 Aims & Objectives 
Aims 
The aims of this study were to: 
1) Provide recommendations detailing management decisions based on the 
geomorphic effects of the weirs as identified. 
2) Increase the knowledge of the effects of run-of-river dams on fluvial systems. 
 
Objectives 
In order to achieve these aims, study objectives were to 
1)  Find when the weirs were constructed. 
2) Assess the impacts of the weirs on the geomorphology of their systems 
through a multidisciplinary approach. 
3) Identify whether they are responsible for the lack of coarse material present in 
the deltas. 
4) Critically assess the outcomes of weir maintenance or removal in light o  the 
needs of stakeholders and society. 
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2 Chapter Two – Regional Setting 
 
2.1 Illawarra Coastal Catchments 
 
Location 
Macquarie Rivulet and Mullet Creek are two coastal streams that drain their 
respective catchments prior to flowing into to the southand north-western portions of 
Lake Illawarra. Lake Illawarra is located approximately 100km south of Sydney on 
the south coast of NSW, Australia.  (Figure 2–1).  
 
Geology, topography and soils 
The region is characterised by the Illawarra Escarpment, which runs north-south, rises 
abruptly to elevations of approximately 400m AHD in the study area and serves as the 
headwaters for the coastal streams of the Illawarra Region.    The escarpment is 
composed of Permian and Triassic sandstones, shales, conglomerates, coal and 
volcanic units.  The crest is capped by the resistant Hawkesbury Sandstone and serves 
as the headwaters of the eastern flowing streams of the region.  Topography then 
drops sharply to undulating foothills that are often associated with units composed of 
the Narabeen Group and the Illawarra Coal Measures.  The interbedded Broughton 
Formation and Gerringong Volcanics, showing sedimentary and volcanic features, 
forms the coastal plains that lie between the escarpment foothills in the west and the 
Pacific Ocean in the east which is seen to outcrop amongst Quaternary alluvim 
(Bowman 1974, 1974, 1974, 1974, Wollongong City Council 2013) 
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Figure 2.1: Mullet Creek and Macquarie Rivulet catchment and study site locations 
 
Figure 2-1 Location of Mullet Creek and Macquarie Rivulet catchments  and study  reaches. Also highlighted are the 
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One of the factors affecting the nature and volume of material potentially accumulating 
upstream of the weirs is the erodibilty of soils in the area.  Hopley (2013) analysed soil 
landscape maps for the Kiama (Hazelton 1993) and Wollongong-Port Hacking (Hazelton et 
al. 1990) areas, and found that nine soil landscape groupings are found in the catchment area 
of Macquarie Rivulet and Mullet Creek.  Of these, five have been classified as being highly 
erodible, and suggest that a considerable amount of sediment may be introduced to the river 
systems through erosion. 
 
Climate 
The Illawarra experiences a temperate marine climate (Young and Nanson 1982) with 
generally warm temperatures. The hotter months, December to March have mean average 
maximum temperatures that can reach in excess of 25 C, with the lowest average daily 
maximum occurring in July at roughly 17C.  Due to the escarpment, the region has a 
pronounced orographic effect (Nanson and Young 1981, Peterson 2002, Hopley et al. 2007) 
in which onshore winds blow storm systems in to the catchment that are forced to rise 
rapidly, and cool quickly which increases the precipitation rate.  As such, annual precipitation 
on the crest is considerably larger than on the coastal plain with an average of ~1600mm in 
comparison to ~1100mm, with most the rain falling between January and April with the 
maximum in March. 
 
Hydro-geomorphic characteristics of catchments 
The hydro-geomorphic characteristics of streams in the Illawarra region are characterised by 
small, steep catchments that experience high intensity, localised rainfall events, able create 
flood discharge events that compete with world maximums for rainfall-runoff (Nanson and 
Hean 1985, Reinfelds and Nanson 2001, Reinfelds and Nanson 2004).  Steep flood frequency 
curves and high stream discharges per unit catchment area create regular occurrences of high 
magnitude and catastrophic flooding (Nanson and Hean 1985, Reinfelds and Nanson 2001, 
Peterson 2002).  These characteristics have led to events that have resulted in 100yr floods 
being experienced in the Illawarra region every 20-25 years with flood events defined by 
Davidson (1981) as ‘severe flooding’ and ‘flood disasters’ seen to be expected every 1.5-4 
years and 8 years respectively (Reinfelds and Nanson 2001). 
 
 
Distinctive catchment geomorphological characteristics 
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Stream channels of the Illawarra are seen to counter the widely accepted and observed theory, 
originally forwarded by (Leopold and Maddock 1953), that downstream channel size 
increases in response to increasing discharge associated with a larger total catchment area.  
As channels move from the rolling foothills of the region and out on to the low gradient 
coastal plain a decrease in channel size is seen with an increase in catchment area (Nanson 
and Young 1981).  At these areas of decreased channel capacity, floodplain width is seen to 
increase, with greater influence placed on frequent rerouting of flows overbank as the main 
channel becomes relatively unimportant in high flow conditions.  Limiting factors to this 
observed downstream decrease are related to catchment urbanization and associated 
hydrologic effects.  Urbanised channels in the region are seen to be 2-3 times the size of those 
found in rural areas (Nanson and Young 1981). 
 
2.2 Macquarie Rivulet and Mullet Creek Catchments 
 
Lake Illawarra has a total catchment area of around 235km^2 with Macquarie Rivulet (96.35 
km^2) and Mullet Creek catchments (86.4km^2) , located on the western margin of the lake, 
the two largest out of five sub-catchments.  Both catchments display characteristics typical of 
those seen in the Illawarra and experiences very similar physiographic, geologic and climatic 
controls as seen in other coastal catchments in the region. 
 
Flooding 
In the Lake Illawarra Catchment, major/severe floods occur when lake levels exceed 1.5m 
AHD and with moderate floods seen for lake levels greater than 1.2m AHD.  Between 1912 
and 2012 there were 28 major/severe flood events and 4 minor/moderate flood events 
(Hopley (2013) sourced from Lawson and Treloar (2005)).  Severe events occurred in 1919, 
1930, 1943, 19 January 1950, 7 April 1950, 1 May 1955, 19 February 1959, 20-21 October 
1959, 25-26 March 1961, 18-19 November 1961, 11-12 June 1964, 9 November 1966, 16 
April 1969, 14 November 1969 12 March 1974, April 1974, March 1975, 23 February 1977, 
March 1977, March 1978, 14 February 1984, 6 August 1986, April1988, 2 February 1990, 31 
July 1990, 6-12 June 1991, 8 February 1992, 31 August 1996.  The moderate flood events 
occurred in August 1987, August 1990, August 1998 and 21 March 2011.  Hopley (2013) 
also highlights the role of the entrance condition of the lake in regional flooding with a 
correlation between major floods and the total closure or considerably restricted opening of 




Minimal impacts were seen on both catchments prior European settlement with the region 
being originally inhabited by the Wadi Wadi Aborigines (Hopley et al. 2007).  The early 
1800’s saw an influx of logging activity with Cedar trees the prime targets.  The first 
agricultural activity began in 1816, when the lake area was subdivided for farming use and 
wheat, oats and potatoes were produced (McDonald 1976).  Dairy farming and pasture 
improvement replaced cropping by the late 1800’s and many land grants given out in the 
1920’s saw further subdivision of the land.  Currently 40% or 94km^2 of the catchment area 
of Lake Illawarra is classified as rural (Lawson and Treloar 2005).  Urban development in the 
catchments began in the 1960’s with significant urban developments occurring in the last 30 
years.  Currently 23% or 54km^2 of the catchment area of Lake Illawarra is classified as 
urban (Lawson and Treloar 2005),   with potential for urban expansion in to the future to 
increase rapidly with the likes of the West Dapto Urban Expansion (Wollongong City 
Council 2013) introducing 20.000 home site in the next 40 years in the Mulet Creek 
cathcment area, and the Calderwood Urban Development (Lend Lease 2013) introducing 
5,000 homes to the Macquarie Rivulet catchment in the next 20 years. 
 
 
2.3 Mullet Creek Catchment & Reach Studied 
 
The Mullet creek catchment is the second largest of the 5 sub-catchments draining in to Lake 
Illawarra, with an area of 86.4km^2, it discharges in the northwestern section of the lake.  
The tributaries in the catchment contributing to sediment and water flow are Dapto Creek, 
Gibson Creek, Mullet Creek, Hooka Creek, Reed Creek and Robins Creek. (WBM Oceanics 
Australia 2003, 2006).  The headwaters of the streams feeding the Mullet Creek catchment 
begin in the Hawkesbury Sandstone capping the escarpment and transcend the foothills 
before debouching on to the low gradient coastal plains and entering Lake Illawarra. 
 
Site description.   
The morphology of the study reach at Mullet Creek is quite heavily influenced by 
anthropogenic modification.  In the study site, the 1000m directly downstream of the weir has 
had extensive bank support works performed.  The works are in place to prevent the erosion 
of bank material that would result in damage to public and private property. The earliest 
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works appear to have coincide with the construction of the original Princess Highway in the 
early 1900’s  Additional works have been carried out to protect the topographic low which 
links  William Beach Memorial Park to Brownsville. Without these works there is a potential; 
for the low to be eroded during flood events isolating the park.  The weir crossing Mullet 
Creek sits at 0.6m AHD and causes ponding of water upstream. The weir is a vertical 
concrete structure. Surrounding the weir is concrete rubble and boulders as well as wooden 
pillars and logs that extend for roughly 7m downstream.  Upstream, a concrete skirt rests 
around 30cm lower than the weir crest and extends for 1.5 m upstream.  The water depth after 
this is around 1.2m and is rocky for 10m upstream.  The northern side of the stream shows 
the accumulation of a bar beyond 10 m upstream of the weir that extends 30m upstream.  
Where as the southern side of the channel is deeper and has quite a lot accumulated woody 
debris. The area to the north of the study reach is part of Kemlba Grange Golf Course, who is 
a key stakeholder of the weir as they require continued access to the freshwater stored 
upstream of the weir for the watering and maintenance of the golf course.  The southern side 




Figure 2-2 Mullet Creek weir looking upstream. 
2.4 Macquarie Rivulet & Reach Studied 
 
The Macquarie Rivulet Catchment is the largest of the 5 sub-catchments draining in to Lake 
Illawarra with an area of 96.35 km^2, and discharges in to south-western section of the lake. 
The tributaries in the catchment contributing to sediment and water flow are Albion Creek, 
Frazers Creek, Marshall Mount Creek and Macquarie Rivulet (WBM Oceanics Australia 
2003, 2006).  The streams flow through the same geological units as seen for Mullet Creek, 
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however the headwaters for Macquarie Rivulet begin on top of the escarpment in the 
overlying Wianamatta Group and the Tertiary Robertson Basalt.   
 
Site description 
The study reach at Macquarie Rivulet is predominantly rural, with dairy farms located to the 
north and south of the channel.  There are  few anthropogenic modifications to the area in 
comparsison to Mullet Creek, however a large bank stabilisation project is currently 
occurring on the southern bank of Macquarie Rivulet near it’s intersection with Marshall 
Mount Creek.  The weir crest sits at 0.8m AHD, with a vertical concrete wall on the upstream 
side, while the downstream side has a rock-ramp fishway that is covered with an extent of 
boulders designed to lower the gradient and facilitate fish passage from downstream reaches 
to upstream.  
 
Figure 2-3 Macquarie Rivulet weir with rock-ramp fishway (sourced Throncraft 1996) 
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This chapter presents a summary of the  literature pertinent to this study.  Initially, an outline 
of the evolutionary and contemporary processes of coastal catchments in south eastern 
Australia is provided to give context of the study area in relation to contemporary processes.  
The chapter then addresses the geomorphic responses of rivers to structures such as dams and 
weirs are examined in order to develop an understanding of the likely process influencing 
Macquarie Rivulet and Mullet Creek.  This is given through background information 
detailing the current issues with weirs and dams, a differentiation between large structures 
and the ones studied, the hydraulic effects of these structures with resulting geomorphic 
responses, and the likely outcomes of removal. 
 
Evolution of coastal catchments in South-eastern Australia in Quaternary and Holocene 
periods 
Looking at fluvial terrace sequence development can provide an understanding of local and 
regional landscape evolution (Walker 1962, Schumm 1973, 1979, Young and Nanson 1982, 
Warner 1992, Peterson 2002, Cohen and Nanson 2007, Cohen and Nanson 2008, Erkens et 
al. 2009, Cheetham et al. 2010, Cheetham et al. 2010).  The following section looks at the 
evolutionary and contemporary processes of coastal catchments in South-eastern Australia 
from the Holocene to present to provide a basis to relate to the processes seen in this study.   
 
Coastal catchments in South-eastern Australia lie on a passive continental margin that has 
seen tectonic stability since the mid-Tertiary.  Low rates of denudation and sediment supply 
have resulted in valleys that have undergone slow rates of erosion and periodic evacuations.  
Distinct fluvial forms arise in catchments that are characterised by a steep, seaward facing 
escarpment in the west and expansive lowland coastal plains in the east. (Nanson 1980, 
Nanson and Young 1981, 1981, Young 1983, Nanson and Young 1988, Peterson 2002, 
Cohen and Nanson 2007, Cheetham et al. 2010) 
 
Valley fills are common features in these catchments and range in composition from fans to 
discontinuous floodplains confined by bedrock valleys, terraces indicating abandoned 
floodplains, and coastal lowlands (Walker 1984, Warner 1992, Fryirs and Brierley 1998, 
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Cohen and Nanson 2007, Cheetham et al. 2010).  Dates of deposition begin with mid-late 
Pleistocene features; with inset terraces, lag gravels and floodplains found throughout the 
southeast e.g. the Bellinger catchment (Warner 1992, Cheetham et al. 2010), and also in 
polycyclic terraces on-lapped with modern sand within reach of current flood regimes in the 
Shoalhaven gorge (Kermode et al. 2012), as well as Pleistocene and adjacent Holocene step 
terraces seen in the Widden Valley in the Upper Hunter (Cheetham et al. 2010, Cheetham et 
al. 2010).   These units formed as a result of large, more competent rivers moving through 
valley systems that abandoned their deposits with the reduction in discharge prior to the 
Holocene (Cohen and Nanson 2008).   
 
The drivers behind the deposition of Holocene alluvial terraces have been a contentious issue.  
Early studies of terrace chronology by Walker (1962) and Young (1976) indicated possible 
synchronous periods for aggradation with links to climatic controls.  However, Young and 
Nanson (1982) look to comparing present day floodplain characteristics in the region, with 
near stationary channels and downstream decrease in channel capacity (Nanson 1980, Nanson 
and Young 1981), and come to the conclusion that regional scale climate events are not 
necessary in explaining aggradation or trenching, and instead a breach of an internal 
threshold may instead be the cause.  Walker (1984) again reiterates climate driven controls 
where regional scale climate factors are responsible for the changes in the late Pleistocene but 
concedes individual catchment variance in the Holocene.  This regional scale climatic 
influence is also supported by Nanson and Young (1988),The extent of responsibility that 
intrinsic (e.g. slope threshold) versus extrinsic (e.g. climate/eustatic change) had on the shifts 
in hydrologic regime during the Holocene has been pieced together only relatively recently.  
Evidence for a higher rate of fluvial activity in the early-mid Holocene (10.5-4ka) in 
comparison to the mid-late Holocene (Melville 1986, Warner 1992, Cohen and Nanson 2007, 
Cohen and Nanson 2008, Cheetham et al. 2010) alludes to climatic change being a causative 
factor in reworking of valley fills during the Holocene (Peterson 2002). Evidence for flushing 
of Pleistocene material in the early Holocene found by (Prosser et al. 1994), (Fryirs and 
Brierley 1998) and (Cohen and Nanson 2008) support a wetter more active period.  Cohen 
and Nanson (2007), also link a gap in the alluvial record between 10.5 and 4 ka to a climate 
period of enhanced discharge, stable well vegetated catchments and low sediment yield that 
would result in entrenching of terraces.  (Cheetham et al. 2010, Cheetham et al. 2010) return 
to an intrinsic view of terrace creation and propose that catastrophic floods and exceeding 
internal thresholds, in addition to a continuous alluvial record (gained from OSL dating) 
respectively lead to a view of localised geomorphic process rather than climate forcing.It can 
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be seen that the sedimentary record from the Holocene demonstrates a balance between 
fluvial sites in distal lowlands influenced by eustatic change (Nanson and Young 1981, 
Young et al. 1996, Peterson 2002, Cohen and Nanson 2007, Cohen and Nanson 2008), and 
mid catchment floodplain sites non-eustatically influenced due to bedrock gorges and 
considerable valley lengths resisting knickpoint migration in low stands of sea level.(Cohen 
and Nanson 2007, Cohen and Nanson 2008, Cheetham et al. 2010, Cheetham et al. 2010) 
 
When looking at the development of Macquarie rivulet and Mullet creek, a combination of 
eustatic influence and individual breaches of internal thresholds can be seen to influence their 
formations.  In the valleys and alluvial plains upstream Macquarie rivulet, terrace dates range 
from the late Pleistocene at 29ka to adjacent Holocene and modern terraces dated at 3.7ka 
and 340a respectively (Walker 1962).  With no link to eustatic changes (Young and Nanson 
1982, Walker 1984), catastrophic events breaching geomorphic thresholds are the likely 
cause for their formation (Walker 1962, Nanson and Young 1988, Cheetham et al. 2010, 
Cheetham et al. 2010, Kermode et al. 2012).  The development of Lake Illawarra as described 
by (Sloss et al. 2005) occurring with sea level transgression flooding incised valleys of both 
catchments around 7.6 ka with barrier creation between 5-3.3ka and subsequent regression to 
current sea levels 3.3-2.5ka, lead to the rivers now serving to infill the barrier lagoon in a 
birds foot fluvial dominated delta (Macquarie Rivulet) and wave dominated subaqueous 
lobate delta (Mullet Creek). 
 
Contemporary state of disequilibrium seen in South-eastern Australian Catchments 
The principle of dynamic equilibrium in fluvial systems attributed to regular moderate flows 
having the greatest influence on channel characteristics (Wolman and Miller 1960).  This 
has been subsequently challenged, by Nanson and Erskine (1988), in the context of coastal 
systems South-eastern Australia, with a state of disequilibrium suggesting that catchments 
are constantly in either a state of response to, or recovery from catastrophic events.  
Peterson (2002) indicates early research of these systems showed that large flood events or 
period of flood events can be seen to exceed erosional thresholds and serve as 
geomorphically significant (Hickin and Page 1971; Pickup 1976; Abrahams and Cull 1979) 
 
Efforts have been prompted to made to link this disequilibrium catchment behaviour with 
change in climate (Erskine and Bell 82, Hean and Nanson 87), through an increase in mean 
annual rainfall in South-eastern Australia during the 1940’s (Krauss 1955; Pittock 1975; 
Cornish 1977).  Categorisation and linking of periods with higher rainfall to observed 
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geomorphic effects was conducted by Warner (87a 87b) in which an alternating system of 
flood dominated regime (FDR) and drought dominated regime (DDR) would result in 
higher rainfall and increase in channel dimension, and lower rainfall potentially linked with 
channel aggradation, respectively.  
 
However, Erskine and Bell (1982) noted that catastrophic events were just as likely to occur 
in FDR as the were to occur in DDR.  Kirkup et al (1998) found Warner’s theory 
overlooked human impacts such as the clearance of riparian vegetation and land use change, 
and further linked rainfall events to inter-annual and inter-decadal scale that is influenced 
spatially and temporally by El Nino-Southern Oscillation (ENSO). 
 
As outlined by Peterson (2002), the disequilibrium state is seen by the occurrence of regular 
catastrophic channel and floodplain change can likely be linked to a combination of 
extrinsic (Warner’s climatic variance) and intrinsic (Nanson 86’s erosional thresholds).  The 
source of the change in both circumstances being frequent high magnitude flood events. 
 
 
The influences of dams on river systems  
The following section adopts the structure used by Csiki and Rhoads (2010) and serves to 
provide a context for run-of-river dams through an examination of the effects of large dams.  
After this, the hydraulic effects of run-of-river dams and subsequent potential induced 
geomorphic changes are examined in line with previous studies. 
 
Upstream Impacts 
The effect of placing a dam across a river system results in the reduction of flow velocities 
and creates near still-water hydraulic conditions. (Baxter 1977, Petts 1979, Morris and Fan 
1988, Brandt 2000, Childs 2010).  This results in the settling out of sediment that is 
transported from upstream of the structure, which occurs progressively, relating to sediment 
size and settling velocity, and incoming flow velocity. With coarser material found to drop 
out of suspension further upstream up in the system, and fines being transported 
anddeposited farther down (Petts 1980, Morris and Fan 1988, Brierly and Fryiers 2005). 
 
The amount of sediment captured behind a dam depends on the sediment transport 
characteristics of the catchments.  Rainfall volume and intensity, land use, runoff, 
topography and geology are factors that will influence this (Petts 1980, Morris and Fan 
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1988, Church 1995, Childs 2010).  Local considerations to take in to account in the 
Macquarie Rivulet and Mullet Creek catchments include the orographic rainfall influences 
giving flashy flood characteristics (Petts 1980, Morris and Fan 1988, Church 1995, Childs 
2010), and the large areas of cleared land for agriculture as well as urban development 
(Nanson 1980, Nanson and Young 1981, Hopley et al. 2007, Hopley 2013). 
 
A reduction in the storage capacity and a reduction in the flow capabilities upstream of the 
structures, caused by the infilling of sediment, are seen as two major geomorphological 
changes that are likely to be found when controlling the flow regime of a system with a 
structure such as a dam or weir (Nanson and Young 1981, Hopley et al. 2007, Konrad 
2013).  The formation of in-stream delta deposits may also occur upstream of the reservoir 
which can result in a significant reduction in stream capacity. (Petts 1980, Mahmood 1987, 




The reduction in flow velocity associated with dams and structures in rivers is responsible 
for the decreased volume the sediment transported downstream by the flow.  Coarse 
material trapped upstream of the structure with fines falling out closer to the crests mean 
that only suspended fines will be transported downstream. (Baxter 1977, Bednarek 2001, 
Poff and Hart 2002, Petts and Gurnell 2005, Cheng and Granata 2007, Csiki and Rhoads 
2010) 
 
These changes in flow conditions and sediment flux cause changes both spatially and 
temporally in river morphology downstream of the structures.  The systems respond in an 
effort to reach a new equilibrium condition seen through a ‘Lanes Balance’ scenario 
(Church 1995, Brandt 2000, Brierly and Fryiers 2005, Petts and Gurnell 2005, Childs 2010) 
in which rivers respond to changes according to the transport capacity and sediment 
available for transport.  If the transport capacity exceeds sediment supply, the river will 
erode its bed and banks in order to reach a new equilibrium condition. 
 
Adjustment in the morphology of a system downstream of a dam structure varies in 
response to conditions, and a range of outcomes are possible.  Degradation and erosion of 
the channel downstream of the dam occurs due to the transport capacity exceeding the 
sediment load.   The lack of sediment and increased flow velocity due to rapid change in 
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hydraulic head, results in channel incision and bank erosion. (Lane 1955).  This degradation 
and incision below the structure has the effect of reducing the channel slope and 
subsequently the transport capacity of the system as a new equilibrium condition is found 
(Kondolf 1997, Brierly and Fryiers 2005, Childs 2010).  Degradation and erosion seen 
downstream of dams is often seen to preferentially erode channel banks, coarse material 
associated with regime before dam construction may be more resistant to erosion than finer 
channel bank deposits (Chien 1985, Church 1995, Brandt 2000). 
 
While erosion may occur directly downstream of a dam structure, farther down, aggradation 
of sediment can occur in response to differing channel conditions and an increased sediment 
load from upstream erosion (Chien 1985).  When looking at the context of this study, these 
downstream aggradational effects may be represented in the deltas of both systems.  Hopley 
and Jones (2007), Hopley (2013) note the lack of coarse sediment present in the delta area 
of Mullet/Hooka Creeks and also attribute this to the backwater effect of the weir 
facilitating the sedimentation of coarse bedload and saltating load sediment, while allowing 
finer suspended load sediment to be transported to the delta areas.  Erosive events occurring 
downstream of the weirs, caused by sediment-starved waters attempting to regain 
equilibrium conditions, may be eroding channel bank material as mentioned above and 
further contributing to the fine material present in the deltas. 
 
The ability for weirs/dams to prevent the downstream migration of considerable fractions of 
a fluvial systems sediment  has also been documented by Day et al. (1997) for various 
deltas, Syvitski and Sito (2007) for the Nile Delta Hopley (2011) for Duck Creek, Hinderer 
(2012) for the Mississippi delta and Fatoric and Chelleri (2012).  Examples are given by 
Day et al. (1997) in which sedimentation rates for the Nile, Ebro and Indus delta were 
reduced by up to 95%,  75% and 50% are seen in the Po and Mississippi respectively, can 
be linked to the construction of dams. A regional context is provided in works by Neil and 
Mazari(1993) and Verstraeten and Prosser (2008) in which hill-slopes in southeastern 
Australia are predicted to be producing sediment at a rate 370% higher than experienced in 
Pre-European times but have instead have found a reduction of  2.5 times less than 19th 






Hydraulic and geomorphic effects of run-of – river dams 
 
In order to understand the geomorphic effects of these structures, an understanding of the 
effects they have on the hydraulic conditions of a stream is required.  Upstream, the main 
hydraulic effect is the slowing of flow and pooling of water behind the structure(Csiki and 
Rhoads 2010).  The nature of this backwater effect is a function of the ratio between the 
height of the dam and the gradient of the river.  Flow over the dams varies largely in 
response to stage height and the submergence of the dam, and as crests of these dams are 
lower than the channel bank, there is scope for water to top the structures considerably. 
Figure 3-1 shows flow characteristics change as the height of the water both upstream (Yo, 
seen also as H+P) and downstream tailwater height (Y2 and subsequently Yt in higher flow 
stages) change.  Ratios seen in Figure 3-1 (d,e)  show as Y0/Yt decreases the submergence 
of the weir increases.  How a dam influences flow conditions in this submerged state is 
important as the transport of coarse material and the bedload sediment is most likely to 
occur in these higher stages, with patterns of erosion and deposition reflecting flows that 
transport a large amount of bedload material (Csiki and Rhoads 2010, Csiki and Rhoads 
2014).  The increase in stage height upstream of a dam results in the reduction of the 
backwater effect (Figure 3-1(f)). The result of this is the movement of high velocity flow 
and bed shear stress towards the dam (Csiki and Rhoads 2010).  As is seen in Figure 3-1(d) 
this decreasing backwater effect, occurring as downstream water height nears that of 
upstream water height (Y0/Yt≈1.15), standing waves will be seen present downstream of 
the structure.  When stage height increases to the extent where water height ratio upstream 
and downstream approaches 1 (Y0/Yt≈1) the dam is completely submerged, the backwater 












Figure 3-1 a) b) c) d) e) f) sourced from Csiki and Rhoads (2010), originally adapted from Leutheusser and Birk 
(1991), Leutheusser and Fan (2001) 
The nature of sediment transport and storage under these increased flow conditions, while 
poorly studied in the field, has been investigated in a flume study by Lauchlan (2004), in an 
attempt to show sediment deposition in front of a weir wall. It was instead found that no 
deposition occurred upstream of the weir due to a strong downflow and vortex system 
Figure 3–2 that served to transport the sediment entrained in the flow over the weir.  Three 
tests were conducted at different stage heights over the weir, labelled as non submerged, 
transitional and submerged (Figure 3-1 c),d), and e) respectively).  It was found that the non 
submerged stage height had the greatest transport (both bed and entrained load) of sediment 
which was followed in magnitude by the transitional and then submerged stages.    In 
considering low stage transport, the backwater effect caused by the structure will result in 
the system behaving much like an impoundment behind a large dam. (Ramireddygari et al. 





Figure 3-2 showing the nature of flow and sediment movement over a submerged vertical weir wall. t= time in hours 
(h).  sourced from (Lauchlan 2004) 
 
 
Field observations relating to the geomorphic effects of run-of-river dams are small in 
number, and are seen to have varying outcomes.   Most of the sites studied are from the 
United States of America. Multiple sites, such as the four run-of-river dams in Illinois 
examined in Csiki and Rhoads (2014), the dam in New Hampshire seen in Lindloff (2003), 
as well as a site in Ohio (Cheng and Granata 2007) showed no major accumulations of 
sediment or substantial downstream channel erosion due to the dams. Other sites however 
showed some sediment storage upstream of the dams.  Union City Dam in Connecticut 
accumulated around 1 meter of sediment before removal in 1999 with local variations in 
sediment thickness in the impounded area ranging from 0 to 3.8m (Wildman and 
MacBroom 2005).  Also seen is the extensive accumulation of silt and sand material in 
upstream storage areas to the point of minimal water retention capacity in two dams in 
Wisconsin (Orr et al. 2006), and channel widening downstream of multiple structures in 
Kansas (Juracek 1999). Im et al. (2011), shows the accumulation of finer sediment upstream 
and slight scour downstream of a weir in a Korean river. 
 
Regional examples arise, seen in the Nepean River in New South Wales through Hubble 
(2004), looks at bank instability caused by wind-generated waves on water impounded by 
weirs.  However, its relevance is reduced without the examination of the hydraulic induced 
geomorphic effects looked at in this study.  A minor regional context may be provided by 
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the sediment capture seen in small farm dams of South Eastern Australia.  While they are 
not run-of-river structures, they facilitate the substantial trapping of sediment often looked 
at in relation to sediment yield mapping in regards to delivery of sediment to rivers and 
hydrologic connectivity (Neil and Mazari 1993, Verstraeten and Prosser 2008).  
Geomorphic effects of these structures are more in line with those seen in larger 
impoundment dams but their mention serves to show the examination of structures 
impacting on the hydrologic regime. 
 
Highlighted above is the small number of studies dealing with run-of-river dams, and the 
call for further research as proposed by Csiki and Rhoads (2010) has merit, particularly in 
light of their increased removal.   
 
Removal Considerations 
The effects of dam removal on river morphology are discussed in this section.  The ability 
to forecast the outcomes of run-of-river dam removal further emphasises the importance of 
improving the understanding of the impacts of these structures on fluvial systems.  The 
response of a river system to dam removal will depend on the extent of the impacts caused 
by the dam (Csiki and Rhoads 2010). If there has been minimal sediment capture, and as 
such minimal morphologic change downstream, the responses to removal should also be 
minimal (Ashley et al. 2006, Csiki and Rhoads 2014).  However, if sediment capture has 
been substantial, pronounced downstream responses may be seen, and the removal 
responses may follow that of impoundment dams (Wildman and MacBroom 2005, Orr et al. 
2006) 
 
The removal of dams aims to return river systems to a state of natural flow and sediment 
transport.  The removal of a structure can be seen analogous to a near instantaneous change 
in channel slope.  This results in the accumulated sediment formerly impounded upstream 
of the structure to be eroded, while aggradation occurs downstream (Petts 1979, Petts and 
Gurnell 2005).  Doyle et al. (2005) found that a vast majority of formerly impounded 
sediment was removed in a time frame of 1-5 years, with fines being transported before 
coarser bed material.  This correlates well with Bednarek (2001), in which riffle and pool 
sequences as well as gravel and cobble beds are seen to return to systems.  Considerations 
however, must be made for the impacts of releasing the impounded sediment from 
upstream.  The volume of sediment may have adverse impacts down stream if a large event 
moves it in a distinct wave or slug (Bednarek 2001, Doyle et al. 2002, Doyle et al. 2005).   
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Regionally, the impacts of weirs have been assessed with the detailed review of 109 
structures in the 13 Catchment Management Authority regions of NSW.  The review 
highlights dams and weirs as one of the key influences on the degradation of river systems, 
and looks at the ecological impacts of weirs. The predominant findings recommend either 
removal or the construction of features allowing fish access upstream with the former 
viewed as the most ecologically sound and cost-effective outcome. The review however, 
does not provide specific information detailing sediment characteristics upstream and 











This chapter outlines the methods used in analysing the geomorphic effects of the weirs on Mullet 
Creek and Macquarie Rivulet.  These methods are envisaged to be applicable in the analysis of other 
fluvial sites in which the presence of structures such as weirs and dams are potentially affecting 
geomorphology.  Grab sampling assists in analysing current sedimentary and in-stream processes over 
a large area, due to the ease and speed of taking samples.  Vibracoring provides insight in to 
sedimentary characteristics over time such as accumulation and the relationships between units.  GIS 
analysis of channel surface area using georeferenced aerial photographs identifies areas of channel 
change, and assists in determining whether weirs or dams are focal point for change. 
 
4.2 Study site/sampling locations  
 
Will be shown in correlation with relevant results sections. 
 
4.3 Grab Sampling  and Push Coring 
 
Surface sediment characteristics upstream and downstream of the weirs of both study reaches were 
required to assess their impacts on sediment transport. A combination of grab sampling or sediment 
dredging and push coring were selected as appropriate methodologies to collect the samples required 
for analysis. Both sampling techniques were conducted using the School of Earth and Environmental 
Sciences aluminium boat.  
 
Grab sampling was utilised for the collection of the Mullet Creek samples. This method was utilised 
due to the irregular coarse sediment and poor sorting meant that push coring was not an effective way 
of retrieving samples.  The dredge is attached to rope and pulled along the base of the river for a small 
distance at the selected sample site, the sediment collected in the dredge is then placed in a sample 
bag. 
 
Push coring was utilised to collect samples from the Macquarie Rivulet study site. The push coring 
technique involved on the insertion of a perspex push core into the substrate  then sealing the core by 
closed a ball valve prior to retrieval. The resultant vacuum minimised sediment loss when retrieving 
the core.  Due to the coarse nature of the sediment being retrieved the push core served as method to 
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grab the sediment from the base of the river and place it in sample bags, rather than to preserve 




Petrol powered vibracoring was used to collect subaqueous cores at 9 sites in Macquarie Rivulet and 8 
Sites in Mullet Creek. Vibracoring is able to collect continuous cores up to 9m in length in up to 3m 
of water and was used in order to assess sediment accumulation and characteristics upstream and 
downstream of the weirs. 
 
The working platform used in the collection of these cores was the University of Wollongong’s 
School of Earth and Environmental Sciences aluminium boat.  Once a coring location was identified 
and it’s coordinates recorded, a 5m high aluminium quadrapod was lowered in to the water and the 
boat secured to it.  Appropriate length core barrels were then selected and vibrated into the sediment 
using the vibracore head attached to a Wacker-Neuson Honda Drive Unit. As penetration slows with 
increased ground resistance, downward pressure is applied by standing on and rotating the head.  
Once refusal point is reached, compaction measurements are taken and core is plugged to create a 
vacuum within the barrel.  Lifting brackets attached to the barrel and a chain block on the quadrapod 
was used to extract the cores.  Retrieved cores were filled with water and capped to minimise 
sediment oxidisation. Collected cores were then transported and stored in School of Earth and 
Environmental Sciences, University of Wollongong, cold room. 
 
 
4.5 Core logging 
 
The collected vibracores were cut open using a circular saw enabling the production of  stratigraphic 
logs (see appendix 10.1).  The logs detail changes in facies, colour, composition and texture.  Once 
photographs and visual logs had been completed, sediment samples were taken at approximately 
10cm intervals and at facies boundaries in order to determine facies sedimentology.  Smaller intervals 
however, were used when changes occurred at intervals <10cm and more detailed data was required. 
 
 
4.6 Sediment analyses 
 
A range of sedimentological characteristics were established while undertaking the research.  
Sediment colour was established, as vibracores were split to minimise oxidisation impacts. The 
reported colours are based on comparisons with the Munsell soil colour chart.  Collected samples 
 26 
were analysed utilising a Malvern Mastersizer 2000 laser particle size analyser to establish grain size 
and associated sedimentological characteristics such as sorting, skewness, kurtosis, number of modes 
per sample and grain size of those corresponding modes.  As the coarse fraction exceeded the 
Mastersizer’s maximum grain size of 2mm, samples were first passed though a 1.5mm wet sieve. The 
total weight of sample was taken and then the wet sieved fraction was dried and measured through a 
series of nested sieves (8000, 4000, 3350, 2800, 2360, 2000, 1700, 1400, 1000 microns) to give a 
coarse fraction which was then combined with the average Mastersizer outputs for each sample.  The 
outputs for grain size distribution as seen in the appendices 10.2 show irregularities such as sharp 
peaks and abrupt zero values due to the need to sieve the coarse fraction.  The intervals between sieve 
sizes are larger than the intervals measured by the Mastersizer and therefore do not correspond to the 
resolution seen in its measurements.  One sieve fraction interval may equal the total of two or three 
Mastersizer intervals represented as one data point. 
 
4.7 XRD (x-ray diffraction) 
 
X-Ray diffraction (XRD) analysis was conducted on 47representative samples from Mullet Creek and 
Macquarie Rivulet.  The analysis was conducted to establish primary mineral composition of samples 
and aid in the identification of downstream changes in mineralogy.  Analysed samples were dried for 
48 hours at 60°C prior to crushing to a talc consistency using a TEMA. The prepared samples were 
then analysed using a PW1130 copper tube and, Spellman DF3 generator running SIE 112 software.  
The angles of diffraction detected ranged from 4° to 70° 2θ for each analysis.  The resulting diffracted 
mineral traces were then analysed using Traces V4 and SIROQUANT software to establish the 




 GIS analysis was used in order to gain a temporal understanding of the changes in the fluvial systems 
over time. It provided the ability to easily and economically achieve objectives of this study by 
allowing the  monitoring of spatial patterns in channel change, and assisted in identifying reasons for 
the changes observed.Data Collection and Digital Scanning 
 
Historical and aerial photographs were used to establish when the weirs were constructed across 
Mullet Creek and Macquarie Rivulet. The photogrammetric analysis was also utilised to assess recent 
morphological changes in both of these sites.  Historical photographs were sourced from the 
Wollongong City Council archives and were used to ascertain a rough estimate of length of time a 
structure had been in place by correlating features seen in the weir today, such as vertical wooden 
beams and blocky rock material.  Aerial photographs were selected from both University of 
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Wollongong and Wollongong City Council sources, with approximately decadal intervals, ranging 
back to 1948.  Each photograph selected showed the entire reach studied for both sites, with sufficient 
detail to delineate channel boundaries and the weir structures.  The historical photographs were 
sourced digitally while the aerial photographs were scanned at 600dpi following Hughes et al. (2006), 
Hopley et al. (2007), Hopley (2013). 
 
4.8.1 Spatial Referencing and Digital Processing 
 
To accurately compare changes in channel morphology over time, the aerial photographs selected 
were georeferenced within a GIS framework, ArcGIS 10.  Images were georeferenced based on the 
identification of common Ground Control Points (GCPs) within the image to be rectified and a 
spatially corrected image or shape file. The selected GCPs consisted of both hard (roads, railway lines 
etc) and soft (trees and stable channel features) as recommended in Hughes et al. (2006), Hopley et al 
.(2007) and Hopley (2013). The number of GCPs varied from13 to 55 due to variations in scale and 
number of corresponding features in the images (i.e older images with a small scale would have fewer 
corresponding GCPs than a newer image with larger scale). 
 
Image to image referencing was used and the aerial photos were referenced to two 2008 satellite 
images showing Kiama Local Government Area (LGA) for Macquarie Rivulet and Wollongong LGA 
for Mullet Creek. The range of map scales meant positional accuracy as indicated by RMS error was 
deemed acceptable in all cases (1:25000 map scale has 25m positional accuracy standard).  Second 
order and quadratic transformations were used on data sets following Hopley (2007). 
Shapfiles delineating channel boundaries were created to show channel surface area for each of the 
referenced images so that temporal comparisons could be made (Figure x).  A consistency in the 
length of channel measured in the delineation of channel boundaries was required.  As such the 
upstream and downstream extent of the reaches, and the location of the weirs at each study site was 
created as a line shapefile using the 2008 satellite image for reference.  From this, polygon shapefiles 
were created for each georeferenced aerial photograph, limited by the line shapefile as mentioned.  
The polygons created were split in to sections containing the channel surface area upstream and 
downstream of the weir. Arc GIS 10 tools were then used to calculate the area of the delineated 
polygon shapefiles, and comparisons between total area as well as that of up and downstream of the 









The geomorphic impacts of the Mullet Creek weir are established in this chapter.  The first 
section utilises aerial and historical photographs as well as historical information from 
McDonald (1976) to establish the length of time the weir has been in place.  The chapter then 
details the use of ArcGIS 10 to assess morphological changes such as  channel surface area 
variability upstream and downstream of the weir, and examines rates of change in these areas.  
.  The chapter will then present the sedimentological data in order to determine whether the 
weir is restricting the downstream transport of coarse sediment. 
 
5.1.1 Establishment of weir timescale 
When assessing the impacts the weir has had on channel morphology over time, it is 
important to establish a timeframe for the building of the structure.  This was previously 
unknown and has been ascertained for Mullet Creek using historical and aerial photographs. 
Also examined are changes to these structures over time. 
 
Historical photographs as well as historical literature were required to ascertain a timeframe 
for the presence of a structure crossing Mullet Creek.  Historical literature  from McDonald 
(1976) provides evidence that the presence of a crossing at Mullet Creek in this location may 
extend back to at least 1834.  George Brown opened the ‘Ship Inn’ in 1834 at a house at the 
then town of Mullet Creek 1834.  Brown later went on to build a steam-flour mill on the 
property that is visible in the 1890 photograph of the crossing (Figure 5-1).  Furthermore, 
Major Mitchell, the Surveyor General refered to “the present ford” in his report from 1834 
(McDonald 1976).  The crossing was still in use in 1858 with the Governor, Sir George Gipps 
describing features of the crossing that are consistent with the features seen both today and in 
the earliest aerial photos from the 1890’s. “the public have been compelled to cross the Creek 
at a crossing place roughly constructed by laying logs and stones on the bed of the creek 
which are disturbed or washed away every time the creek rises, and which have to be repaired 
or replaced by the inhabitants in the immediate vicinity at their own cost.”  This also gives 
historical insight in to the presence of high intensity flows that are seen today in Mullet Creek 




Figure 5-1 Shows Mullet Creek circa 1890. Present in the image is the ford, with note of the vertical wooden pillars 
which are seen downstream of the weir today.  Also present in the back right of the image is Brown’s flour mill. 
This evidence suggests a crossing in the location of the current weir has been present at 
Mullet Creek since at least 1834.  While this less permanent ford would not have had the 
same disruptive effect to flow as the current weir does, similar effects of disrupting natural 
flow and in stream channel processes patterns, such as ponding of water and sedimentation 
upstream, as well as scour and bed erosion downstream as seen in (Petts 1979, Galay 1983, 
Williams and Wolman 1984, Chien 1985, Kondolf 1997) could be expected by its presence. 
The deposition of coarse material not associated with the streams natural regime would also 
have been facilitated by the crossing. 
 
Historical photographs sourced from Wollongong City Council Library archives show a 
crossing of Mullet Creek at Brownsville that date back to the 1890s (Figure 5-1 and Figure 
5-2). No exact date for image on left (Figure 5-2) taken by G.G. Wensimus but image on 
right (Figure 5-2), is dated circa 1893 which appears to be taken from the bridge that is under 
construction in the left image.  Inferring left image was taken pre 1893 
 The crossing as seen in the photographs can be characterised by vertical wooden supports 
with rubble fill on the upstream side.  The crossing is shown in Figure (Figure 5-2) with the 
earliest of the three bridges being constructed in the background. This image is consistent 
with the  current view towards the east from t the east from the current weir.  Photographs 
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from the 70’s 80’s and present show the remnants of vertical wooden supports with rubble 
fill, upstream of which the fixed concrete weir crest can be seen. 
 
Figure 5-2 show crossing at mullet creek in the late 19th century.  
  
 
When examining the aerial photographs ranging back to 1947, taken of the Mullet Creek 
study site, the presence of a structure at the site of the current weir can been seen back to the 
oldest aerial photograph obtained (see 1947 image).  This image shows a change in water 
colour at site of current weir and indicates the presence of a barrier preventing water from 
travelling any further upstream.  Whether the observable structure is a weir is difficult to 
ascertain if a weir is present at the time of the photograph, as a crest is not able to be made 
out.  However, a path appears to lead to the channel section where the colour change occurs 
on both the northern and southern bank indicating regular access and a potential crossing site 
as is seen historical photographs is still in use. 
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Figure 5-3 Shows location of ford/weir in 1947 and 1964, with note taken on the apparent path leading to the site in 
1947 that is not present in 1964. 
The next image that shows the study site and current location of the weir is the aerial 
photograph from 1964 (Fig?.)  It is possible to make out a structure crossing Mullet Creek at 
the location of the current weir as well as the change in water colour delineated by this 
location as also seen in the 1947 image.  A path leading to the site from to the northern and 
southern banks is no longer defined, and potentially shows that the construction of the weir 
may have limited the site as a crossing.  A timeframe of construction of a weir at sometime 
between 1947 and 1964 (17 years) can be loosely made, however, a flow situation in which 
the entire crest was covered with water may also be cause to show a change in water colour 
without showing the presence of a weir. 
Although it is difficult to determine a time at which the weir was constructed, the presence of 
a colour change without visible presence of a weir indicates a structure able to restrict 
upstream movement and, mixing of downstream estuarine water. 
 
From the study of aerial photographs, the weir at Mullet Creek is likely to have been in place 
for between 50 to 70 years.  However, the presence of a road crossing dating back to the 





5.1.2 Channel Change 
Analysis of the spatially referenced aerial photographs facilitated the quantification and 
qualification of the morphological changes observed between 1947 and 2008.  This analysis 
was enabled by the creation of shapefiles defining the channel boundaries and allowing the 
calculation of channel surface area both above and below the weir.  
 
The section of river studied using Arc GIS 10 begins from the intersection of Mullet Creek 
and Robbins Creek upstream of the weir.  This limit was selected as it was the furthest site 
upstream of the weir at which a clear delineation of channel boundaries could be made for all 
images.  Further upstream both Mullet and Robins creeks undergo channel narrowing, and 
with large variations in riparian vegetation through time, clearly defining channel boundaries 
was not possible.  The downstream limit of the channel seen in the 1964 aerial photograph is 
used as the downstream limit of the shapefiles.  The other photographs used all show 
downstream sections of the river that extend much further, and consideration was taken in to 
removing 1964 from the analysis.  However, the 1964 photograph is the only one of the study 
site that was seen between the earliest photograph in 1947 and one from 1972.  This period of 
25 years was seen as too great and the inclusion of the 1964 photograph allows greater 
resolution of channel change through time. 
 
Due to the reasons above, when viewing the graphs in the following section, it should be 
noted that figures detailing channel ‘Totals’, are the sum of the areas measured downstream 
and upstream of the weir.  The greater area of channel measured downstream of the weir 
compared to upstream means that total areas are more heavily weighted by downstream 













Recent Morphological Evolution of Mullet Creek 
 
 
Since 1947, the channel area surrounding the Mullet Creek Weir has shown varying rates and 
relationships of change between the areas upstream and downstream of the weir (Figure 5-5).  
The period between 1947 and 1972 shows stable channel conditions with sections of the 
channel both upstream and downstream of the weir seen to be relatively constant.  Between 
1972 and 1981, upstream area was shown to decrease and represents the smallest surface area 
calculated for the period measured (Figure 5–5) In contrast the downstream area for the same 
period increased to its maximum calculated size (Figure 5-8).    The following period, 
between 1981 and 1984 shows a marked change in channel area.  Upstream of the weir the 
channel surface area was seen to increase by roughly 3750m^2 (Table 5–1)(+38% Figure 5–
7).  Downstream of the weir, a decrease of 3000m^2 (Table 5–1) (-9% Figure 5–7) was 
calculated.  Directly prior to the aerial photograph taken in 1984, the largest rainfall event in 
the region’s recorded history occurred, with 48hr totals above 800mm falling in the 





































Figure 5-5 channel change upstream of the weir at Mullet Creek between 1981 and 1984.  1981 channel margin 
































Mullet Upstream Channel Change 
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Figure 5-7 Downstream area channel change  
 
Figure 5-8 Total area channel change 
 
 
After 1984, channel area showed a general decrease in size for areas both upstream and 
downstream of the weir until 2005.   Downstream of the weir, the decline was relatively 
gradual at an average of 3% between each of the photographic intervals until the observed 
minimum channel area was seen in 2005.  Upstream of the weir, the channel is seen to 
decrease rapidly between 1984 and 1994 followed by a period of stability between 1994 and 
2002 with a rapid decrease again seen in 2005.  Areas upstream and downstream of the weir 
both show an increase in channel size between 2005 and 2008 of around 3000m^2 (29% and 






























Mullet Downstream Channel Change 
1947 





























Mullet Creek Total Area Channel Change 
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Table 5-1 Showing channel surface areas as well as percentage change in area for the study reach at Mullet Creek 
Year Upstream Downstream Total Area Upstream % Downstream % Total % 
1947 10774 33577 44351 0 0 0 
1964 10727 34684 45411 -0.44 3.30 2.39 
1972 11005 34204 45209 2.59 -1.39 -0.45 
1981 10437 35209 45646 -5.16 2.94 0.97 
1984 13697 32007 45704 31.23 -9.09 0.13 
1994 11320 31274 42593 -17.35 -2.29 -6.81 
2002 11507 31056 42150 1.65 -0.70 -1.04 
2005 10092 29483 39076 -12.29 -5.06 -7.29 







































Sedimentological sampling provided insight in to the natrure of sediment transport in Mullet 
Creek.  Surface sediment sampling revealed the current process occurring in the system in 
over a large area, while vibracoring served to give chronostratigraphic information in a more 





Figure 5-10 Mullet Creek surface sample sites.  
BIGGER NUMBERS FOR SITES 
Samples were taken at 53 locations at Mullet Creek on the 6th of December 2013.  The 
upstream limits of sampling were in both Mullet Creek and Robbins Creek.  The Mullet 
Creek upstream limit was dictated by the amount of vegetation present in the channel, the 
boat could not travel further upstream than Site 53. The Robbins Creek Site was limited by a 
concrete causeway used as a crossing in Kembla Grange Golf Course.  Downstream limits 
were taken in the delta areas of Mullet Creek and also the Tank trap. 
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Dredge sampling was used as opposed to push coring at this location.  Push coring was 
attempted originally, however, the sediment found in the first locations (Sites 1-6) was either 
very coarse or shallow and the dredge proved more effective for recovery.  This was then 
adopted for the rest of the sites. 
 
 Samples were taken at approximately 50m intervals for the sites that were considered to be 
most affected by the presence of the weir. Upstream of the weir, this extended to the limits of 
sampling for both sites.  Downstream, this extended for roughly 900m, after this the sampling 
distance increased due to the perceived lessening impact of the weir. 
 
Surface sediment samples could be taken in most locations.   Sediment was unable to be 
retrieved from those within close proximity to the weir or under the F6 freeway bridge.  
Upstream of the weir a concrete skirt extends for roughly 5m (which correlates with the 
width of the ford previously in place).  Downstream, sampling is limited by debris and rubble 
from the earlier crossing and from the weir’s construction.  No retrievable sediment had 
accumulated under the freeway bridge and the channel bed at this location appeared to be 
concrete.  Two samples were taken at site 20, the first one Site 20 had frequent with irregular 
mud material present, and this was interpreted as bank collapse material.  Another sample 
was taken closer to the centre of the channel where the material was more likely to have been 
transported by the river regime.   
 
5.2.2 Grain Size Analysis 
As the weir creates an area of slack water and no flow upstream of its placement, the grain 
size analysis  used to assess the relationship between mean grain sizes as well as grain size 




Figure 5-11Mullet Creek average grainsize with distance downstream.  Note ‘golf course channel’ refers to lower 
reach of Robins Creek 
(Figure 5-12) show the average grainsizes found in surface sediment samples taken in Mullet 
Creek are variable, but that this variation is not restricted to sections of the channel either 
upstream or downstream of the weir.  Both sections show coarse and fine material present 
with maximum grain size reached 193m downstream of the weir, and minimum in the Tank 
Trap that branches off the lower reaches of Mullet Creek.  Material is reasonably consistent 
downstream of the weir until around 3000m downstream of the weir. At this point material 
begins to fine and it is seen the ponding effect of the lake is causing the coarser sediment to 
drop out. 
 
Very coarse material, dominated by coarse sand and gravel is seen in locations around 500m 
upstream of the weir, between 200 and 600m downstream of the weir, and again further 
down, around 1700m downstream of the weir.  Site 50 (1288 microns)  site 49 (1698microns) 
are located within the narrow channel sections of Mullet Creek (site 50) and Robbins Creek 
(site 49) just before their intersection and widening in to the larger Mullet creek.  
Downstream from this, material found in surface sediment samples before the weir is seen to 
fine considerably. Site 45 (980 mircons) is the next downstream, with subsequent sample 
sites above the weir all showing average grain sizes of less than half that seen in the narrow 
channels of Robbins and Mullet Creeks (see appendix C).  This fining of material can be 
attributed to the influence of the slackwater and ponding caused by the weir. The coarse 



























transported in flow conditions where the weir is causing this reduction flow velocity.  The 
period of time in between floods also supports this.  In a high flow event when the weir is 
overtopped flow would continue down towards the weir and coarse sediment would be 
transported further in the system. As their has not been a flood for some time the 
accumulation of finer sediment than would be seen further upstream would occur due to the 
ponding effect as mentioned above. 
 
Site 4 with a mean grain size of 2807 microns, Site 5 with a mean grain size of 1439 microns 
and Site 6 with a mean grain size of  1915 microns are the sites located within 500m 
downstream of the weir and indicate deposition from high flow events.  The material seen in 
Sites 4 and 6 is poorly sorted and coarser than any material found upstream (see appendix C), 
and due to it’s proximity to bank stabilisation may represent fill material that has been eroded 
out in high flow events. The channel in this section bends to the north and makes up the first 
part of the large bend that surrounds William Beach Park. In a high flow event, where water 
is overtopping the weir to an extent it that is minimally impacted by the structure, as 
mentioned in the literature review. (Csiki and Rhoads 2010), The straight section of channel 
leading from upstream of the weir (Figure 5-6) will result in high flow velocities impacting 
on the bank stabilisation works on the road to William Beach Park.  The flow would have the 
power to erode the coarse fill material from the area, but deposition would occur close by due 
to the energy lost from the from the channel bending to the north, as well as the from rough 
boundary conditions of the stabilisation works 
 
The finest sediment found was located in the Tank Trap and was consistently a black organic 
rich mud.  Mud is seen to accumulate here due to the presence of a large bar forming in the 
area of the stream where Mullet Creek is divided in to its lower reaches and the Tank Trap.  
The bar shields the tank trap from flow, which is diverted down Mullet Creek.  It is 
conceivable that a high flow event would remove that bar and result in coarser sediment 
occurring in the tank trap but the period between significant floods for the stream mean that 
only suspended load sediments are accumulation when they fall out of suspension due to the 
ponding effect of the lake. 
 
Fines found at sample sites 10 and 11 can be explained by the cut off that has occurred 
around 700m downstream of the weir.  Before the cut off occurred, stream energy would 
have been directed around this bend and normal channel sediment would be seen.  Organic 
mud is now seen to accumulate there, as the site is now separate from the flow regime.  This 
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means coarse sediment is not transported there and flow velocities are low enough that fine 
material settles out.  Site twelve is also influenced by this accumulation of fine sediment and 
shows a combination of gravel and sand as well as organic mud.  Site 12 is within the 
influence of the current flow regime in which deposition of coarse sediment would be 
expected in adequate flow conditions.  It is also close enough the channel cut off, that in flow 
conditions inadequate to transport bedload material, the accumulation of fines may occur, or 
be reworked from further up in the channel cutoff. 
 
Upstream of the weir fine sediment was found at Site 47.  This site was close to an eroding 




Figure 5-12 Mullet Creek percentage composition by grainsize ratios vs  downstream distance 
 
(Figure 5-13) above, shows the percentage composition of material found in the surface 
samples as divided in ratios according to grainsize.  Coarse sample sites such as seen above 
the weir in Sites 50, and 49, and below the weir in Sites 4, 5, 6 and 20, show a decrease in the 
percentage of sand corresponding with an increase in gravel.  Gravel sized material is not 
seen consistently downstream and is absent in many sites.  As such, it can be seen that it is 
transported and deposited irregularly in correspondence with increased flow events. 
Likewise, finer samples seen in Sites 47, 10, 11, 12 and out towards the delta in Sites 32-37, 
similarly show a decrease in the amount of sand present with an increase in the amount of 
finer grained silt. Fractions up to 80% silt occur in low flow sites, with these ratios seen as 























samples and is transported and accumulates in normal flow conditions.  These sites with 
higher ratios of silt such as those close to the weir on both the upstream and downstream 
sides also show some increase in clay <4um in size with fractions reaching 15% of total in 
Site 12 (see appendix C) and 10% in Site 47.  A gradual increase in the ratio clay <4um is 
also seen in the lower mullet creek channel moving towards the delta.  Peaks of clay material 
<2um are seen in the same fluvial dominated sites as clay <4um with maximums reaching 9% 
in Site 12 and 7% in Site 47 of total material.  In Mullet Creek, sites with increases in the 
ratio of fine material are located in sites where lower energy is experienced due to ponding 
caused by the weir or the lake, and where a cut channel has occurred, or due to bank material 
being introduced through erosion or collapse. 
 
 However, as mentioned before these sites are located in backwater and low flow areas of the 
channel, they not representative of the main material transported in Macquarie Rivulet.  It can 
be seen that fine material such as silt and clay forms only a minor background to the sediment 
transported in Macquarie Rivulet.  It may be present in all samples due to its transport in 
suspension meaning all flow conditions 
 
5.2.3 XRD graphs 
XRD analysis was used in order to determine whether the weir was having an impact of the 
lithology of the surface sediment in Mullet Creek.  With material potentially being 
impounded upstream by the slow in flow velocity caused by the weir, changes in lithology 
could be driven by the inability of the stream to transport its bed and saltating load. 
 
The channel sand seen to dominate the bed of Mullet Creek is quartz dominated and fractions 
of quartz remains high throughout the samples measured.  Percentage fractions of minerals vs 
distance downstream from upstream limits show a similar relationship to those seen in 
average grainsize and percentage composition by grain size.  As such, the quartz ratio in the 
surface sediment samples taken correlates with the grainsize of the sample.  Coarse samples 
show a ratio of up to 90% quartz with finer material showing decreases in the amount of 
quartz present in the sample and an increase in the amount of clay minerals.  Albite and 
Mixed Layer Illite are commonly seen as the main minerals that increase in ratio when quartz 
decreases.  Albite has quite considerable fractions at the very upstream and downstream 
exents of the main channel of Mullet Creek with ratios of 20% at Sites 1 and 37. It is also 
seen to increase to ratios around 10% in other finer sample sites such as Site 51 upstream of 
the weir and Site 9 Downstream of the weir.  Mixed Layer Illite peaks near 10% for finer 
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samples measured and both Albite and Mixed Layer Illite show an increase in ratio in the 
downstream reaches of the Mullet Creek as the channel becomes more influenced by the lake. 
Kaolinite is also seen to increase, with ratio of up to 16% in Tank Trap sediments and to 10% 
in the fine sediment accumulating in the cut channel bend. 
 
 










5.3 Mullet Creek vibracore Data 
 
The eight vibracores taken in Mullet Creek on the  6th of January and 4th February 2014 , and 
were used to further examine the impacts of the weir on the system as well as to understand 
longer term channel processes.  The locations of the cores are illustrated in Figure 5-14.  The 
backwater effect of the weir upstream was predicted to result in a large amount of sediment 
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Figure 5-14 XRD mineralogy results with distance downstream for (a) Robins Creek and from (b) the 
tank trap 
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Juracek 1999, Brandt 2000, Kingsford 2000, Csiki and Rhoads 2010).  While downstream, 
sediment starved water may minimise accumulation and result in scour and erosion of bed 
material.  Vibracoring was conducted to identify the presence of any sedimentary change 
surrounding the weir and to identify the presence of areas of accumulation or erosion. 
 
Figure 5-15 loaction of vibracore sites at Mullet Creek 
Appropriate sites for vibracoring are ones that have a level area of river-bed with a depth of 
less than three metres allowing the safe erectoin of the quadrapod. Material that is suitable for 
coring through is alo required a. For sites on Mullet Creek, the uneven river bed surface, 
water deeper than three metres, and material unable to be penetrated by vibrocore meant that 
there was considerable variation in the in-stream location of cores (channel centre vs 
margains vs bars), the depths of penetration, and the amount of material the cores were able 
to recover (Table 5–2) 
 
The channel area with water depths greater than 3 deeper than three metres was located 
downstream from the Princess Highway bridge (add in if time this may be couase by scour 
similar to that seen behind a dam or weir that would occur in high flow periods, no rubble or 
armouring downstream of the bridge and erosion is likely to occur. 
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Figure 5-16 7 Downstream profiles showing vibracore locations. Top of core is at sediment-water interface.   
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5.3.1 Core Results 
The cores taken in Mullet Creek show considerable variation in stratigraphic relationships, 
but by taking in to account these variations it is possible to see correlations in the nature of 
the material found and they become useful in explaining the current regime. Cores are 
divided by their location either side of the weir.  Upstream of Mullet Creek they take the 
prefix UMu, downstream of the weir cores take the prefix DMu. 
 
The cores are seen to either express coarse material for the entire length, with cores DMu2, 
DMu4 and DMu5 showing either gravel or sand material for the extent of the core, and cores 
UMu3 and UMu1 showing interbedded coarse sand and muds.  Or, cores show coarse 
material, either uniform (DMu3 and DMu1) or with finer variations (UMu2) at the top of the 
core that is erosivley deposited on to consistently finer basal material with differing lithology 
(appendix A and B  This finer underlying material is generally composed of uniform fine 
sands and muds, but also seen are clays and peat layers. Differences in this underlying 
material in grainsize and ltiholgy as well as the erosive contact with overlying material 
indicates the deposition is not linked to the current flow regime of the system and can be 
disregarded when examining the impacts of the weir on sedimentation.  As such comparison 
between cores results the division of the cores with this finer material found at the base, in to 
sections of current channel regime and the underlying regime. It is assumed that cores 
without this marked change in lithology and grainsize represent the current regime for the 
total length recovered. 
 
 
Table 5-2 water depth, length, compactions and in stream location of Mullet Creek vibracores 
Core ID Water 
depth (m) 




Ratio Location In-Stream 
DMu1 1.9 0.7 1.52 2.22 1.46 Thalweg 
DMu2 2 1 0.98 1.98 2.02 Inner bend 
DMu3 0.85 1.75 1.08 2.83 2.62 Near Thalweg 
DMu4 1.1 1.1 0.75 1.85 2.47 Inner Bend 
DMu5 0.5 0.65 1.18 1.83 1.55 In channel bar 
UMu1 0.45 0.6 2.4 3 1.25 In channel bar 
UMu2 1.9 0.8 2.02 2.82 1.40 Near thalweg 
UMu3 1.7 0.85 1.44 2.29 1.59 Inner bend 
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Looking at the deposition and characteristics of coarse material associated with the current 
regime, relationships seen with location either upstream or downstream of the weir also show 
variation.  Although coarse material is seen to be present in the current regime section of all 
cores taken at Mullet Creek, the sites above the weir have coarse material that is interbedded 
with fine material such as silt and mud. The ratio of sand sized material is seen to decrease 
rapidly with the inclusion of gravel sized material, representing coarsening, and silt sized 
material representing fining in the core.  All cores upstream are capped with fine sediment 
that is seen to rapidly coarsen downwards, UMu1 and UMu3 show a slight coarsening with 
little change in composition ratios where as UMu2 shows a large decrease in the ratio of silt 
to sand and a factor of ten grainsize increase.  Under this, correlation between facies is 
difficult, material in UMu2 extends for only 50cm and similarities between coarse and fine 
periods in the interbedded UMu1 and UMu3 cannot made with any assurance.  The nature of 
the material found upstream of the weir indicates varying flow regimes and energies 
responsible for deposition.  The fine material found would accumulate during low flow 
conditions when little to no water would flow over the weir and the low flow velocities would 
result in the settling out of suspended material. Coarse material would be deposited during 
high flow events associated with floods and is seen to erode in to the fine material as it is 
being deposited.  
 
Sites below the weir all show a dominance of clean sand sized units that are uniform within 
their stratigraphic layers.  Grain size varies from medium to coarse sand and occasionally has 
the inclusion of gravel sized material such as seen at the base of DMu2 and the top of DMu1.  
Very little silt or clay material is seen.    While trends with uniformity and ratios according to 
grain size are all very similar, variations in grainsize exist in the current regime sections of 
these downstream cores.  As mentioned DMu1 has a high ratio of gravel sized material and is 
the coarsest unit seen at the sediment water interface, but this only extends for 55cm down 
the core before reaching fine basal facies.  DMu2, DMu3 are and DMu5 are all similar in 
grain size at the surface and all express a slight fining followed by a pulse of coarse material 
which is seen as gravel rich in DMu2 and DMu3 and coarse sand in DMu5.  Core DMu4 is 
finer than the other cores seen but similarly shows a coarser event.  Although there is 
variation in grainsize between sites these can be attributed to the location the cores were 
taken within the channel.  DMu1 is located near bank support material and as is seen in the 
surface sample at Site 4, material is coarse and gravel dominated.  DMu2 Dmu3 and DMu5 
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are located reasonably close to the centre of the channel and as such show similar grain sizes 
and relationships down core.  DMu4 is located towards the inside of a bend away from the 
main flow energy during times of deposition and shows finer sediment because of this.   The 
nature of the material found downstream of the weir, with uniform grainsize and distribution 
within units of deposition and lack of fine material can be attributed to deposition during high 
flow events such as floods, the lack of fine material present is due to increased flow velocity 
associated with these depositional events.  
 
Figure 5-18 DMu1 is first core taken downstream of weir. Coarse material associated with the current regime is 
found on the top of the core to left.  Erosional contact on to finer interbedded sands and muds present for remainder 
of core 
Cores taken that do not show an accumulation of material from the current regime for the 
entirety of the core (UMu2, DMu1 and DMu3) are all found in similar channel  areas, near 
the thalweg.  UMu2 and DMu1 both show a thin layer of very coarse material eroding in to a 
finer underlying regime.  DMu3 is found in shallower water and slightly further from 
thalweg, it shows slightly finer material and 1.4m has accumulated overlying basal fines.    
Correlation is seen in the fine basal material between UMu2 and DMu3.  Yellow brown clay 
overlying a grey uniform muddy sand is found at the base of both cores.  This material is 
similar to that seen in work by Holpey (2013) and is interpreted as Pleistocene deposition.  
These areas that would be subject to high flow velocities in flood events show little recent 
accumulation of sediment, water depth also indicates scour of underlying material has 
occurred.  Sediment turnover may be rapid in these areas and could occur with each flood 
event.  In comparing UMu2 and DMu1 with DMu3, where the amount of sediment 
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Figure 5-19 (a)UMu2 and (b) DMu3 are both seen to have a yellow clay material overlying muddy sand at 
the base.  This unit is interpreted as Pleistocene by Hopley (2013) 
Figure 5-20 Shows interbedded coarse and fine material as seen above the weir at Mullet Creek.  
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This chapter presents an assessment of the impacts of the weir at Macquarie Rivulet.  The 
first section utilises aerial photographs ascertain the length of time the weir has been in place.  
The second section details the use of ArcGIS 10 in order to assess changes in channel size 
upstream and downstream of the weir since 1948, as well to examine any differences in the 
rates of change in these areas.  Surface sediment and sediment core sampling and analysis are 
presented in the next section and serve to provide physical evidence of the sedimentary 
characteristics of the rivulet and determine whether the weir is playing a significant role in 
restricting coarse sediment transport downstream.  These sediment analyses incorporate grain 
size analysis data as well as that of lithological constituents through the use of XRD analyses. 
 
6.2 Photo 
6.2.1 Establishment of Timeframe of Weir 
 
 
When assessing the impacts the weir has had on channel morphology over time, it is 
important to establish a timeframe for the building of these structures.  This was previously 
unknown and has been ascertained for Macquarie Rivulet using aerial photographs. Also 
examined are changes to these structures over time. 
 
Macquarie Rivulet Weir 
By examining georeferenced aerial photographs sourced from both the School of Earth and 
Environmental Science, University of Wollongong, and Wollongong City council, a 
timeframe for the constructing of the weir was obtained.  It is possible to see a structure 
crossing the channel at the location of the current weir in all photographs after 1966 (Figure 
6-2), where as the aerial photograph of 1963 (see image) as well as other photographs taken 
prior to this show no evidence of any structure. It can be therefore deduced that the weir was 




Figure 6-1 aerial photo from 1963. No weir present. 
 
Figure 6-2 aerial photo from 1966. Weir Present. 
Currently, however, the weir is not is not the same structure as was originally built.  In 
January 1993 the NSW Fisheries Research Institute and the Cooperative Research Centre for 
Freshwater Ecology constructed a rock ramp fishway(see figure)  with funding from the 
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NSW Environmental Protection Authority – Environmental Trust Fund.   Quarry run rock 
was dumped behind the 0.8 m high (AHD) weir and formed up with an excavator in roughly 
the same formation as seen in figure (see images).  This structure is the one found at the 
present day.  The elevation was confirmed using RTK survey equipment. 
 
Using aerial photographs of the study site it has been established that a weir has been present, 
and that disruption to natural flow conditions has been occurring  for between 48 and 51 year 




6.2.2 Channel change 
 
Analysis of the spatially referenced aerial photographs facilitated the quantification and 
qualification of the morphological changes observed between 1948 and 2008.  This analysis 
was enabled by the creation of shapefiles defining the channel boundaries and allowing the 
calculation of channel surface area both above and below the weir. 
 
The section of river studied using GIS extends from the intersection of Marshall Mount Creek 
with Macquarie Rivulet upstream, to the rail bridge that crosses Macquarie Rivulet around 
(certain distance downstream).  The shapefiles were restricted in the extent that was measured 
upstream due to the difficulty in correctly identifying channel margins.  This was due to a 
narrowing of the channel, increases in vegetation distorting channel banks, and image 
resolution limitations.  The rail bridge was selected as the downstream limit as it was a 
constant hard feature in all images looked at, and the effects of the weir were considered to be 
less prominent any further downstream. 
Although an aerial photograph from 1966 was used to constrain the timeframe for the 
placement of the weir, the extent of the photo did not cover the area of the channel studied so 
was not included in this analysis. 
 
Due to the reasons above, when viewing the graphs in the following section, it should be 
noted that figures detailing channel ‘Totals’, are the sum of the areas measured downstream 
and upstream of the weir.  The greater area of channel measured downstream of the weir 
compared to upstream means that total areas are more heavily weighted by downstream 
channel area and as such, conform more closely to the trends seen downstream.  
 
Recent Morphological Evolution of Macquarie Rivulet  
Since 1948, the channel area of the Macquarie Rivulet study reach has shown considerable 
variation.  A large decrease in channel size between 1948 and 1955 was seen (Table 6-1) 
followed by a period of rapid channel growth between 1963  to 1981 in which this section of 
the channel reached its maximum measured size.  More recent results show a gradual 
decrease between 1981 and 2002 and another increase to 2008 with channel area approaching 
the 1981 peak channel area measured. 
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Figure 6-3 Macquarie Rivulet total channel area curve 
 
Figure6-4 Macquarie Rivulet upstream area curve 
 






































































Figure 6-6 Channel area change for Macquarie Rivulet. Upstream, downstream and total channel area shown  
 
 
As the weir is seen to have the potential for upstream storage and downstream starvation of 
sediment, there is potential for it to be a key feature in shaping channel change through 
deposition and erosion.   
 
Splitting of the polygons in to sections that measure channel area upstream and downstream 
of the weir allowed comparisons in to variation of change of channel areas (Figure 6-6) and 


























Figure 6-7 Channel change between 1963 and 1977 during which weir was built. Note large change downstream of F6 
bridge. 
 
Figure 6-8  percentage change between previous year of measurement for Macquarie Rivulet 
 
 
In the comparison of curves for change channel area and percentage change rates upstream 
and downstream of the weir, variations and similarities in shape are seen.  Overall, trends in 
the change of channel area between upstream and downstream sections are seen to be very 



























channel size is reached in the upstream section in 1977, while maximum channel size as 
measured for the downstream section, reaches peak channel size in 1981.  Trends in both 
upstream and downstream channel sections then show stabilisation and less radical change 
through to the present. The period of decrease in channel size between 1948 and 1955 is 
much more pronounced in the downstream section of the channel, this is prior to the 
construction n of the weir.  
  
Figure 6-9 Shows channel change between 1977 and 1981.  Note continuation of change downstream of F6 bridge. 
Reduction in channel size upstream of the weir is contributed to and increase in bank vegetation.  While this would 
impove bank stability it also impacts on the ability to clearly delineate channel boundaries. 
 
 
Looking at percentage change rates allows examination of the data that can be portrayed 
comparatively in the same scale.  The enables a better analysis of the nature of change in the 
sites studied. .  Channel size decrease is seen both sites between 1948 and 1955 can be 
confirmed as more pronounced downstream with a larger percentage decrease.  The increase 
in channel area between 1963 and 1977 as seen in both sites is also considerable, upstream of 
the weir channel size is seen to increase by 26% and downstream by 13% (Figure 6-8). So 
while both demonstrate a rapid positive change, the size of change upstream of the weir is of 
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a greater amount than that of downstream.  Between 1977 and 1981 Channel shows quite a 
large decrease in the upstream section of the channel while a small increase is seen in 
downstream area.  After 1981, percentage change remains slightly negative for both sites 
until 2002.  2002 to 2006 shows a continued decrease in upstream area while downstream 
size is beginning to increase again.  Both sites show positive rate of change and increase in 
channel area 2006 to 2008. 
 
 




upstream downstream Total % Upstream% Downstream 
% 
1948 36396 6827 29569 0 0 0 
1955 32795 6691.05 26104 -9.89 -1.99 -11.72 
1963 33747 7505 26242 2.90 12.16 0.53 
1977 38650 8734 29916 14.53 16.38 14.00 
1981 39370 8506 30864 1.86 -2.61 3.17 
1990 37946 8356 29590 -3.62 -1.77 -4.13 
2002 37509 8222 29288 -1.15 -1.60 -1.02 
2006 37782 7957 29825 0.73 -3.22 1.84 






Sedimentological sampling provided insight in to the nature of sediment transport in Mullet 
Creek.  Surface sediment sampling revealed the current process occurring in the system in 
over a large area, while vibracoring served to give chronostratigraphic information in a more 
localised area surrounding the weir. 
6.3.1 Surface 
 
Figure 6-10 surface sediment sample sites for Macquarie Rivulet 
Samples were taken at 43 locations at Macquarie Rivulet on the 4th and 5th of November 
2013. The upper limit of sampling was a causeway crossing the rivulet accessed through the 
farm of Craig Tate, and also served as the launch site for the university boat for both 
vibracoring and surface sampling work.  
 
Surface sediment samples able to be taken at most locations except for directly downstream 
of the weir where the fishway and associated rubble and fill material meant no sample could 
be recovered.  Sampling was taken at approximately 50m intervals  700m upstream and 700m 
downstream of the weir.  Further downstream than this and out towards the delta the 
sampling interval increased as it was considered the impact of the weir would be less direct. 
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At some sites (14, 11, 9, 8, 6, 24, 39 listed in order from upstream to downstream) multiple 
samples from the push core were taken if a change in the sedimentary characteristics occurred 
within the sample material collected.  These have been analysed and can been seen in the 
appendices but only the characteristics of the material with the same lithology of that at the 
sediment-water interface has been assessed as part of the surface sampling results. 
 
As the weir creates  a backwater effect and slows flow upstream, the conduction of grain size 
analysis was used to assess the relationship between mean grain sizes as well as grain size 
distribution in comparison to distance upstream and downstream of the weir. 
 
 
Figure 6-11 average grainsize vs distance downstream for Macquarie Rivulet 
Graph shows grain size with distance downstream is fairly consistent for a majority of the 
length of reach studied. Material above the weir is generally coarse sand with variations to 
some very coarse material as well as finer material close to the weir seen to occur.  Average 
grainsize of surface sediment samples downstream of the weir begin with large variations.   
Spikes of fine material as well as one of very coarse material are seen to occur in the 500m 
directly downstream of the weir.  Material then becomes less variable and consistently coarse 
to 2700m with a tailing off and decrease in grain size at the downstream extent as the river 


























Macquarie Rivulet average grain size vs dist 
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Average grainsize found in the study reach is dominated by material a little under (1000 
microns with some finer variations found at sample sites 3, 23, 25 and 27 (in order 
downstream) These finer variations occur at sites in which suspended material is likely to 
have been deposited due to a localised decrease in stream energy caused by in stream features 
as well as the length of time between flood events for the system.  The samples are from 
locations such as channel margins (site 3), bends away from thalweg channel flow(sites 23 
and 27) and large woody debris (site 25), where altered and lower energy can be expected.   
 
However, these finer sample sites are also located in close proximity to the weir and their 
accumulation can also be linked to the impacts of the weir on sediment transport and stream 
flow in the absence of a significant flow event for some period of time.  Site 3 is located on 
the channel margin, directly upstream of the weir and is under the influence of the decreased 
flow velocities caused by the reduction in slope.  At this site, under low and normal flow 
conditions, away from the main path of flow it is seen that water velocities would be low 
enough for the deposition of the systems suspended load.   
 
The remaining sites with fine surface sediment are all located downstream of the weir.  Sites 
23 and 27 are located on the inside of a bend in the channel (See image) in which lower flow 
velocities and the deposition of fine sediment can be expected.  Site 27 can be inferred to 
have larger mean grain size due to its location further around the bend and towards the 
outside of the next bend downstream.  Site 25 is located directly upstream of a large tree that 
is resting in the centre of the channel, which could also facilitate sedimentation of suspended 
load.  Explanations of this deposition of fine sediment are reinforced when considered in 
conjunction with the capture of saltating and bedload sediment upstream of weir.  There 
would be little to no transport of coarse sediment downstream of the weir in low and normal 
flow conditions, and with localised sources of decreased velocities the accumulation of fine 
sediment would occur. 
 
The accumulation of fine sediment in these sites is influenced by the lack of coarse sediment 
transported in low flow conditions, caused by the presence of the weir as well as their 





Figure 6-12 Macquarie Rivuelet percentage composition by grainsize ratios vs downstream distance 
 
(Figure 6-13) above, shows the percentage composition of material found in the surface 
samples as divided in ratios according to grainsize.  Coarse sample sites such as seen above 
the weir in 12, and 14, and below the weir (26 and others or whatever) show a decrease in the 
percentage of sand corresponding with an increase in gravel.  Gravel sized material is not 
seen consistently downstream and is absent in many sites.  As such, it can be seen that it is 
transported and deposited irregularly in correspondence with increased flow events. 
Likewise, finer samples seen in (Figure 6-13) similarly show a decrease in the amount of 
sand present with an increase in the amount of finer grained silt. Fractions up to 50% and 
60% silt occur in low flow sites with these ratios seen as the driver behind decreased average 
grain size. 
 
  Unlike gravel however, silt is present in all samples and is transported and accumulates in 
normal flow conditions. These sites with higher ratios of silt such as those close to the weir 
on both the upstream and downstream sides also show some increase clay <4um in size with 
fractions in sites (refer to sites) reaching nearly 10% of total fraction.  Minor peaks of clay 
material <2um at no more that 2% of total  fraction are seen at these same sites.  However, as 
mentioned before these sites are located in slack water and low flow areas of the channel, 
they not representative of the main material transported in Macquarie Rivulet.  It can be seen 
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transported in Macquarie Rivulet.  It may be present in all samples due to its transport in 
suspension meaning all flow conditions 
 
 It is seen for all sites that there is no significant fraction of clay sized material of Clay <2um 
These finer sediment sections are seen to have larger fractions of silt present 
 
When taking in to account the finer material seen collected in the grab samples being separate 
and not indicative of normal flow conditions, as well as the consistently coarse material 
found at the top of the vibracores taken, there is no considerable variation is seen between the 
mean grain sizes taken from samples upstream or downstream of the weir. As seen in (Figure 
6-11) a majority of the sample sites are comprised of coarse sand with a mean grain size of 
just under 1000um.  Composition of the samples confirms this with percentage composition 
and distribution of grain sizes resting in the sand size fraction. Average composition upstream 
of the weir compared with downstream is very similar, differences accounted for in a slightly 




XRD analysis was used in order to determine whether the weir was having an impact of the 
lithology of the surface sediment in Macquarie Rivulet.  With material potentially being 
impounded upstream by the slow in flow velocity caused by the weir, changes in litholgy 
could be driven by the inability of the stream to transport its bed and saltating load. 
The channel sand seen to dominate the bed of Macquarie Rivulet is quartz dominated and 
fractions of quartz remains high throughout the samples measured.  Percentage fractions of 
minerals vs distance downstream from upstream limits show a similar relationship to those 
seen in average grainsize and percentage composition by grain size.  As such, the quartz ratio 
in the surface sediment samples taken correlates with the grainsize of the sample.  Coarse 
samples show a ratio of up to 90% quartz with finer material showing decreases in the 
amount of quartz present in the sample and an increase in the amount of clay minerals. 
Upstream, and in the 500m downstream of the weir Albite is commonly seen as the main 
mineral to increase in ratio when quartz decreases.  Upstream of the weir the ratios peak at 
between 5 and 10% (see appendices), with ratios found in the fine sediment downstream of 
the weir reaching 18.5% at Site 25.  The fine grained sites within the first 500m downstream 
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of the weir also show increases in, Illite, Kaolin BISH 12 and Mixed Layer Illite with ratios 
reaching between 6 and 12% of total litholgy.  These minerals are seen fairly consistently 
through the system  at ratios between 0 and 5% with some increases towards the delta of 
Macquarie Rivulet where Lake Illawarra has and increased influence. 
 
 





The 9 Vibracores taken in Macquarie Rivulet on the 5th of January 2014 were used further 
examine the impacts of the weir on the system.  The backwater effect of the weir upstream 
may result in a large amount of sediment accumulation and result in a sediment wedge 
(reference this you goof).  While downstream, sediment starved water may minimise 
accumulation and result in scour and erosion of bed material.   Vibracoring was conducted to 
identify the presence of any sedimentary change surrounding the weir and to identify the 






































Figure 6-14 Macquarie Rivulet Vibracore Sites 
 
Appropriate sites for vibracoring are ones that had a level area of river bed so the quadrapod 
could be erected safely, as well as material suitable for coring through. Sites on Macquarie 
Rivulet frequently had an uneven river bed surface and shallow sediment.  This meant that 
there was considerable variation in the in-stream location of cores (channel centre vs margins 
vs bars) and depths of penetration the cores were able to reach. (Table 6–2) Upstream of the 
weir in Macquarie Rivulet the cores have the prefix UMc, downstream of the weir, the prefix 




Table 6-2 Water depth, compaction, length and in-stream location of Macquarie Rivulet vibracores 




Ratio Location In-Stream 
DMc1 1.75 1 0.94 1.94 2.06 Thalweg 
DMc2 1.45 1.35 1.3 2.65 2.04 Thalweg 
DMc3 1.8 0.6 1.565 2.165 1.38 Channel Margin 
DMc4 2 0.75 1.005 1.755 1.75 Thalweg 
UMc1 0.1 0.8 1.005 1.805 1.80 Bar at intersection of Frazers Creek and 
Macquarie Rivulet 
UMc2 2.6 0.25 0.385 0.635 1.65 Thalweg 
UMc3 2.75 0.2 0.26 0.46 1.77 Thalweg 
UMc4 1.5 1.3 1.09 2.39 2.19 Bar at intersection of Marshall Mount 
Creek and Macquarie Rivulet 
UMc5 2.12 0.4 2.57 2.97 1.16 Thalweg 
 
Directly upstream of the weir, it was found that sediment depth was very shallow above a 
rubble matrix that was too coarse to core through, UMc2 and UMc3 both hit refusal on a hard 
base after 40cm and 60cm of coring at these locations (Figure 6-14/2). Both cores show 
uniform clean sand for their extents, UMc2 also shows uniform grainsize while UMc3 shows 
a slight coarsening from surface material as well as the inclusion of large irregular material 
up to 6cm in size throughout (Figure 6-14/2).  Better penetration was found in the cores 
further upstream. UMc4 is located on a bar at the intersection of Frazers Creek and 
Macquarie Rivulet, and the coarse material seen in UMc3 was not found in UMc4.  Material 
is uniformly sized clean sand with some minor gravel and silt inclusions seen with slight and 
fining and coarsening. With the penetration of UMc4 reaching a greater depth than that of 
 
Figure 6-14/2  Shows large rubble material found in UMc3  
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 UMc2 and UMc3 it can be inferred the extent of the rubble fill lies in between the location of 
UMc3 and UMc4.  UMc5 reached the greatest depth of cores taken at Macquarie Rivulet and 
shows a small layer of uniform very coarse material erosivley overlying interbedded medium 
sands and muds for the remainder of the core see (Figure 6-15) As is seen in the Table UMc1 
is located in shallow water on a bar at the intersection of Marshall Mt Mount Creek and 
Macquarie Rivulet. Material is generally clean coarse sand but variations occur with very 
coarse material found at the top the core with two finer units seen at 25cm deep and again at 
the base of the core. 
 
Figure 6-15 (a) shows thin accumulation of very coarse material erosively overlaying (b) consistantly finer underlying 
material. 
 
 While sediment is found to be reasonably consistent in nature, thalweg sites upstream of the 
weir show little accumulation of coarse sediment. Only 40cm of coarse sediment is found at 
UMc5 followed by erosion in to underlying material.  This correlates with the 64cm and 
46cm respectively above a hard rubble base in UMc2 and UMc3.  Thicker accumulation 
occurs in the in-stream bars associated with the convergence of streams at seen in UMc4 and 
UMc1. 
 
Downstream the cores are dominated by uniform clean coarse sand with variations to slightly 
coarser units showing gravel inclusions.  Cores were not able to be retrieved for the first 
100m downstream of the weir due to the presence of large blocky rubble material associated 
with the rock ramp fishway on the downstream side of the weir.  Cores DMu1, DMu3 and 
DMu4 show an ersosoinal contact with a fine mud unit at about 80cm down core.  DMu3 and 
DMu4 coarsen again towards their base, while the mud material serves as the basal unit of 
DMu1. The only major exception seen to this uniform nature of sand is seen in DMc3 in 
which a unit of organic material is present 50cm down the core, material shows organic 
(a) (b) 
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structre at the top and becomes more fragmented and decomposed at its base, leaching of 
dark organic material in to the sand below is seen to occur. 
 
Core DMc3 is located near the channel margin and the discontinuous organic layer that is 
seen may be attributed to a localised tree fall or resting of tree branch material at that location 
during a flood. 
 
Figure 6-15/2 Sand overlying mud followed by more coarse sand. Also organic rich layer 
 
Dmc2 shows clean sand for the first 100cm of the core material retrieved Material coarsens at 
100cm and shows an increase in the ratio of gravel sized material,  average grainsize is seen 
to decease under this gravel layer with an increase in the ratio silt sized material (Figure 6-
16), coarse sand returns as the basal unit. 
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DMc2 120 cm 
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Coarse material is present past the weir and to the downstream sections of the study 
reach. Fine material found in surface sampling sites can be explained by proximity to 
low flow areas of the channel, and to the period of time between flood events.  This 
also explains increases in silt and clay fractions seen in percentage composition by 
grain size as well as the results seen in XRD sampling where changes in lithology 
correspond with changes in grainsize and constituent ratios.  Vibracore data shows 
that coarse channel sand dominates the current flow regime with differences in 
material underlying current regime coming from varying locations of cores taken both 
in channel and spatially downstream. Cores limited by material too coarse to penetrate 
and stable locations for vibracoring (show photos). Don’t support much of a sediment 




7 Chapter 7 – Discussion 
 
The discussion examines the results in light of the previous hypotheses made relating 
to the weirs in Mullet Creek and Macquarie Rivulet.  It aims to connect the expected 
outcomes resulting from the weirs capturing a considerable amount bedload and 
saltating load sediment, with those results found in the study.  In doing so this will 
disprove the previous hypotheses and show that the weirs have a minor or negligible 
impact on the geomorphology of their systems. 
 
Later sections will discuss the impacts of the weirs relating to increased urban 
development,  the impacts associated with weir removal or maintenance, and a set of 
reccomendations detailing managment decisions based on the weirs geomorphic 
effects. 
 
Also looked at will be a minor flood event that occured on the 24th and 25th of March 
2014 as an examinatoin of weir behavior under high flows and the kinds of flows that 
would allow the transport of bedload material from areas upstream of the weir, to 
areas downstream. 
 
7.1 Geomorphic Impacts of the weirs 
 
As mentioned in earlier sections, previous studies have speculated that the weirs are 
impacting on the the sediment transport and morpholgy of Mullet Creek (Hean and 
Nanson 1985, NSW Department of Primary Industries 2006, Hopley and Jones 2007, 
Hopley 2013),  and Macquarie Rivulet (Hopley 2013).  With a noted absence of 
coarse material present in the deltas, attributed to the restriction in the transport of 
bedload and saltating load sediment by the weirs (Hopley and Jones 2007, Hopley 
2013). This absence of sediment has been linked to potentailly lower accumlation 
rates in the deltas, which may  subsequently increase their susceptibility to 
innundation in a sea level rise scenario. 
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If this hypothesis is correct there will be evidence of geomorphic change surrounding 
the weirs in both systems, similar to that seen in other dams.  i.e. A discontinuity 
surrounding the weirs will be observed, the impoundment of water upstream will lead 
to sedimentation, with  erosion and degradation seen downstream, due to the 
discharge of sediment-starved water (Baxter 1977, Petts 1979, Galay 1983, Williams 
and Wolman 1984, Chien 1985, Kondolf 1997, Petts and Gurnell 2005, Graf 2006).  
 
 In order to assess this, the following section describes a comparision between results 
found in the GIS assessments of temporal delta area change for Mullet Creek and 
Macquarie Rivulet by Hopley et al.(2007), Hopley and Jones (2007) and Hopley 
(2013), with the GIS and sedimentological results found in this study.  If the weirs are 
facilitaing geomorphic change through the storage of coarse sediment upstream, the 
results  should show a limitation of coarse material to upstream of the weirs, with a 
considerable accumulation of this material seen.  If this is occuring and the water 
flowing downstream is sediment starved, degradation resulting in downstream erosion 
of channel bank material will occur.    Evidence of increases in in channel size 
downstream of the weir independent of upstream change, linked with periods of delta 
area decline would further serve to support this hypothesis. 
 
7.1.1 Mullet Creek 
 
The relationship between delta growth and rate of change, with that of channel growth 
and rate of change for Mullet Creek is not strong.  The period of stabilty seen in the 
channel between 1948 and 1972 (Figure 5–6 Figure 5–9), correlates with a period of 
increase in delta area between 1948 and 1955, follwed by a rapid decrease between 
1955 and 1963 (Figure 7–2). Follwing the rapid decrease seen to 1963, delta area is 
seen to stabilise and reamain fairly constant unitl present time.  Some correlation 
however, is seen betwteen delta area and channel area for the period of time 
preceeding the 1984 observations taken.  A decrease in both delta area and channel 
area is observed at this time and can be attributed to the erosion of channel banks and 





Figure 7-1 Graphs illustrating (a) growth of the Mullet/Hooka Creek delta area and (b) rate of increase in 
percent between 1916 and 2002. (Hopley and Jones 2007)  
This lack of correlation seen is supported by the nature of the depositional 
environment of Mullet Creek, as indicated by both the surface sediment samples and 
the vibracores taken.  
 
Evidence of a backwater effect of the weir is seen in the both the vibracores and the 
surface sediment samples.  However, the backwater effect of the weir does not 
influence sediment transport for all conditions. The backwater effect of the weir 
would occur in low flow periods, in which there is little or even no flow over the weir.  
This results in the settling out of coarse material, beginning at the upstream extent of 
the backwater region and showing a fining towards the weir as material of 
subsequently smaller sizes fall of out suspension (Petts 1980, Morris and Fan 1988, 
Brierly and Fryiers 2005, Csiki and Rhoads 2010).    Surface sediment samples 
support this gradual settling out.  Upstream of the weir, the coarsest material is found 
in the narrow channel sections of both Mullet Creek and Robbins Creek before they 
meet and channel widening occurs.  A decrease in grainsize of surface sediment is 
seen to occur with proximity to the weir downstream of this intersection of channels, 
indicating the backwater effect is facilitating sedimentation.  Increased stage height 
associated with high flow periods are seen to negate the backwater effect (Csiki and 
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Rhoads (2010)) which can be seen to mobilise bedload sediment and significantly 
reduce the impact of the weir. .  Vibracores taken upstream of the weir, Umu1, Umu2 
and Umu3 demonstrate an interbedding of coarse sand and gravel with fine sand and 
muds indicating a varying flow regime and support the mobilisation of coarse 
material in high flow and the sedimentation of fines in low flow conditions.  The 
capping material found in the cores taken upstream of the weir are all composed of 
finer material than that directly underlying.  Umu1 and Umu2 show sandy mud and 
mud respectively while Umu3 shows medium sand, with all cores are then seen to 
rapidly coarsen in to coarse sand.  This accumulation of fine material indicates recent 
low flows.  
 
Coarse material associated with high flows found upstream of the weir at Mullet 
Creek is also found downstream.  The material found in vibracores shows clean, 
medium to very coarse sands with frequent gravel modes expressing a uniform grain 
size within facies, and erosional contacts on underlying material.  These features, 
found in absence of fine material within the current regime indicate high-energy 
depositional events.  XRD and surface sediment grainsize data also shows coarse 
material present with uniform lithology both upstream and downstream of the weir.  
As seen with the mobilisation of coarse material with high flow conditions upstream 
of the weir, the negation of the backwater effect with increasing stage height can be 
seen to be sufficient to transport sediment from upstream of the weir to downstream. 
 
Five out the eight cores recovered in this site showed an accumulation of material 
linked with the current regime for the entirety of the core. Three out of the eight cores 
recovered had some accumulation of current regime material that was then seen to 
erode on a finer underlying regime. The variations in the depth of sediment 
accumulation from the current regime can be linked to differing locations of in-stream 
sites selected for sampling.   The three sites that recovered cores showing an erosive 
contact onto an underlying regime were all taken at sites proximal to the thalweg.  
The thin accumulation of material in UMu2, DMu1 and DMu2 may be related to the 
intensity of the stream energy in these sites.  With flow concentrated in the thalweg in 
high flow events, the scour of underlying material and accumulation of only the 
coarser fraction is the likely.  The other cores taken in mullet creek further confirm 
this.  Cores which show an accumulation of current regime sediment for the whole 
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core, were taken at sites which were located away from the thalweg. Either near 
obstructions in the channel such as UMu3, in channel bars such as UMu1 and DMu5 
or the inside of channel bends such as DMu2 and DMu4.  At these sites, 
sedimentation is facilitated by locally lower flow velocities.  
 
Although coarse material is transported downstream of the weir, it is seen to fall out 
prior to the delta where Mullet Creek enters Lake Illawarra.  The system is tidally 
influenced back upstream as high as the weir, which highlights the low gradient 
nature of the channel and the extent of the hydraulic effects of the lake.  Rather than 
bedload material being captured by the weir, the lack of coarse material found in the 
delta can be attributed to the backwater effect caused by the lake.  These hydraulic 
effects of the lake may be such that in low flow conditions no material is transported 
from Mullet Creek to the lake.  The presence of the mud seen to accumulate inside the 
channel mouth of the lower reach of Mullet Creek and subsequent coarsening of 
material once outside the mouth indicates a low enough energy before the lake is 
reached to cause sedimentation of suspended load sediments. 
 
 A combination of factors may be responsible for this. The tidal influence and very 
low gradient combined with the lack of high flows for a period of time may be 
enough.  Predominantly north east winds during summer periods (Hopley and Jones 
(2007); Hopley (2013) (as was the time when the sediment was collected) may result 
in wave action on the front of the moth bar give enough flow that fines do not 
accumulate where they are able to behind the mouth of the river and are either 
protected or subject to minor flow caused by the waves with slightly more forcing 
than the slow flow of the stream. 
 
The hypothesis that the lack of fine material present in the delta was due to the weir 
caputring bedload and saltating load sediment was incorrect.  The lack of fine 
material found in the delta can be contributed to the hydraulic effect of Lake Illawarra 
acting in a ‘backwater’ manner and faciliating the sedimentation of coarse material at 
areas upstream of the deltas.  As such, changes in channel morphology are largely 
unrelated to that of delta morphology.  The large bar present at the intersection of the 
tank trap and the lower reach of Mullet Creek is likely to be the area of aggradation 
for coarse channel material.  This depostion of coarse material is seen to extend down 
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the lower reach of Mullet Creek Creek but does not extend down the tank trap Figure 
(5-11)  Currently this is likely caused by the shape of the bar in the intersection. This 
bar could be seen to divert flows in to the lower reaches of Mullet Creek and away 
from the tank trap Figure 7-2.  .  The initial formation of the bar may have been 
caused by a localised reduction in flow velocity caused by the sudden narrowing to 
the tank trap.  The backwater effect of the lake is present in this area (as indicated by 
the sedimentation of coarse material), and in flows less than bankfull, the tank trap 
would not be able to convery the volume of flow moving down Mullet Creek.  This 
would result in a backing up and slowing of the flow that would cause sedimentation.  
The entrance to the lower reach of Mullet Creek is wider and flow would 
preferentially follow this path, as is seen in the occurrence of sediment deposition. 
(Figure 7-2) 
 
Figure 7-2 area of Mullet creek at which coarse material is accumulating. Note presence of bar at the mouth 
of the tank trap and accumulation of material in the lower reach of Mullet Creek. 
 
Hooka Creek, is seen to enter the lake at the same site as the tank trap.  Flows from 
Hooka Creek are unrelated to the channel area measured in the study reach for the 
Mullet Creek, but impact on the delta (Figure 7–1) The lack of correlation seen in the 
delta measured in Koong Burry Bay and channel change in Mullet Creek is also 







The accumulation of the bar on the north side of the channel upstream of the weir can be 
interpreted as a result of the shape of the channel at that locality as caused by the 1984 flood 
event, and the disruption of the weir to flow.  Prior to the 1984 flood event that resulted in a 
37% increase in channel size upstream of the weir (Table 5–1), the channel width was seen 
to be fairly even, with the channel showing a slight bend to the south as it reached the weir.  
The high flows experienced in the 1984 event would have concentrated their energy on the 
north, outer bank to the extent of the bank’s thresholds and triggered a large erosive event. 
 
 This event was limited by the presence of the concrete weir, which the flow was not able to 
erode past which resulted in widening to northern bank of the channel upstream of the weir 
that did not extend downstream.  This feature is still seen today and results in a localised 
decrease in flow velocity as water moving down the northern side of the bank is not able to 
flow over the weir as in other sections of the channel and must slow and change direction 
before it can continue downstream.  This causes sedimentation in both low and high flow 





Figure 7-3 Illustrates the extensive morphological differences in the Mullet/Hooka 
Creek Delta between 1955 and 1963 as well as highlights the apparent influence of 
flows from Hooka Creek in delta morphology. 
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Figure 7-4 In-stream bar accumulating upstream of Mullet Creek weir. Due to large erosional event in 1984 
see Figure 5-6. 
 
The accumulation of material to the north of the Princess Highway and recorded in core 
UMu3 can be attributed to the flow diversion caused by the rubble fill present under the 
bridge.  The rubble cuts roughly two thirds of the channel width from the south and sits at an 
even level.  Flows meeting the rubble would have to slow and change direction before 
moving further downstream, resulting in sedimentation. This sedimentation can be interpreted 
as occurring in both high flow and low flow conditions due to the interbedded coarse and fine 
material found in the core UMu3.  The fine material present is coarser than that found in 
UMu1 and can be attributed to the distance upstream of its location and the shorter length of 
channel influenced by the backwater effect.  The presence of the rubble fill likely serves to 
trap a considerable amount of the remaining coarser material in low flow conditions as seen 
in the surface sediment samples and the very fine material capping  
 
7.1.2 Macquarie Rivulet  
 
While there has been a weir or ford obstructing flow on Mullet Creek for the extent of 
the period studied.   The results observed for Macquarie Rivulet give and insight 
directly in to the geomorphic impacts of the weir as there is an observed period prior 
to the weirs construction as well as one after. 
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The period before the weir was built shows little correlation between channel and 
delta morphology.  Gradual delta growth was observed between 1948 and 1961 
followed by a more rapid expansion in delta area from 1961 to 1963 (Figure 7–3).  
This is linked with a period of channel area decline (between 1948 and 1955) and 
subsequent expansion (1955 to 1963) (Figure 6–5).  Although channel growth is seen 
to coincide with delta growth in this later period, due to the area of change seen over 
the differing period of time (600m^2 channel growth in 8 years, compared with 
20600m^2 delta growth in 2 years (Hopley et al. 2007)) it is not a key factor in the 
results seen.  There is a marked increase in channel area between 1963 and 1977 
which is the interval in which the weir was constructed.  The channel area increase 
correlated with a rapid decrease in delta area for the same period (1963-1974) Figure 
7-5 .  This is not attributed to the effects of the weir however, as both upstream 
(16.4%) and downstream (14%) channel change is  observed (Figure 6-10), with the 
focal point of downstream change seen to be downstream of the F6 freeway bridge as 
seen in Figure 6-8 and Figure 6-9 which may have been induced by the clearing of 
bank vegetation during bridge construction.  The period following 1981 shows 
reasonably consistent rate of increase in delta area which has been linked to increase 
runoff from urban development (Hopley and Jones (2007)),  while the slight decrease 
and stabilisation of the Macquarie Rivulet channel can potentially be related to an 





Figure 7-5 Shows both delta growth curve (a) and percentage rates of increase (b) for the Macquarie 
Rivulet delta (sourced Hopley et al. (2007) 
 
 
Coarse sediment is found extensively both upstream and downstream of the weirs in 
both surface samples and vibracores.  This indicates that the transport of bedload and 
salting load sediment is occurring for channel areas upstream of the weir to those 
downstream.  
 
The nature of the material found in the cores also gives insight in to the nature of depositional 
events for the system.  The material interpreted as being deposited in the current regime, 
found in cores both upstream and downstream of the weir is dominated by clean uniform 
coarse sands.  The lack of interbedding with fine sediment upstream shows that water 
velocities behind the weir are too high for the sedimentation of fine material to occur.  The 
uniform nature of the material found downstream indicates a majority of deposition is 
occurring during high flow periods at which the deposition of fine material would not occur. 
 
While in-stream bars at the intersection Frazers Creek and Marshall Mount Creek with 
Macquarie Rivulet show an accumulation of channel material for the depth of the cores 
measured (UMc4, UMc1).  These bars would have formed as material transported in the 
streams is slowed by the backwater effect caused by the weir.  Thalweg core sites showed far 
less accumulation (UMc5, UMc2, UMc3) and indicate high sediment turnover rates.  The 
scour in to underlying material seen in UMc 5 would likely be seen in UMc2 and UMc3 if not 
for the presence of coarse matrix underlying them. 
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 As is seen in the results, coarse surface sediment samples are found from the 
upstream limit of sampling to 2000m downstream of the weir. After this point, 
material fines out the delta area.  This fining of sediment can be attributed to the 
hydraulic effect of the lake. The system is tidally influenced back upstream as high as the 
weir, which highlights the low gradient nature of the channel and the extent of the hydraulic 
effects of the lake.  Rather than bedload material being captured by the weir, the lack of 
coarse material found in the delta can be attributed to the backwater effect caused by the lake.  
The location downstream of the weir at which the material is seen to fine (Figure 6-12) also 
correlates with location of a potential splay/avulsion site for the downstream reaches of 
Macquarie Rivulet as identified by Hopley (2013) due to a topographic low (Figure 7-6).  
The accumulation of large in-stream bars at the site further confirm the limit of deposition for 
coarse material, with channel infilling associated further strengthening the likelihood of 
avulsion in this site. 
  
Figure 7-6 (a) Topographic low that has been identified by Hopley (2013) as potential site for splay 
development is found to correlate with the extent of coarse material found downstream in surface samples. 







The geomorphic impacts of the Macquarie Rivulet weir are seen to be very little. Sites show 
uniform deposition of coarse medium sand both upstream and downstream of the weirs, with 
little deposition of coarse material from current regime seen in thalweg channel sites. The 
weir has not appeared to have any influence channel area change through time.   
 
 
7.2 Method Discussion 
 
- Loss of material form vibracores 
The vibracores taken in both Macquarie Rivulet and Mullet Creek show large values 
for compaction, indicating low ratios of material recovered. (Table 5–2; Table 6–2)  A 
majority of the cores had recovery rates of only 50-70% (ratio of length of material 
recovered vs total depth penetrated) with the lowest recovery seen in core DMu3 of 
only 38%.   As seen in the results, the material recovered in these cores is 
predominantly clean unconsolidated quartz sand associated with current flow regime. 
While no testing has been done, it is not seen that the compaction of this material by 
over one hundred per cent would be possible, and as such it is seen that there is 
material being lost during the coring process.  The unconsolidated sand would have 
no cohesion between grains and may be ‘vibrated’ out of the path of the descending 
core.  This loss of material occurring predominantly in the clean sands is given weight 
when compared with cores with that show the presence of muds.  Whether 
interbedded, as in UMu1 (80% recovery), or underlying a thin layer of coarse 
material, as in UMc5 (86% recovery), these cores are seen to have much lower 
compaction values than seen in other cores.  The cohesive nature of the muds may 
serve to prevent sediment from being shaken from the cores. 
 
This loss of material seen in sandy units but not in muddy ones means that the linear 
expansion used when correcting the cores to represent the total depth reached may be 
incorrectly representing the thickness of units recovered.  Resulting in the over-




7.3 In light of increased urban development. 
 
There is need to provide detailed information on stream characteristics in light of 
large scale urban and industrial developments in the catchments, for example, the 
recently approved Calderwood Development in the Macquarie Rivulet catchment 
will introduce 5000 new homes to the area over the next 20 years (Lend Lease 
2013). The West Dapto Access Strategy (Wollongong City Council (2013)) will 
introduce 20,000 homes in the next 40 years.  Increasing development will lead to 
greater runoff and increase the size and frequency of flood events (Wollongong City 
Council 2013) within the catchments and will potentially make the flood 
characteristics more flashy than at present due to the orographic effects of the steep 
slope of the escarpment (Leopold 1968, Reinfelds and Nanson 2004, Konrad 2013).   
 
 
The impacts on the system attributed to the weirs with increasing urban development 
would be minimal.  As has been shown, the weirs have had a minimal impact on their 
systems morphology through time, which has already included a rapid rise in urban 
development for both Macquarie Rivulet and Mullet Creek catchments (Hopley and 
Jones (2007)  Hopley et al. (2007)).  For the weirs to suddenly become significant in 




7.4 Specific Management Decisions 
 
Weir Maintenance 
Continuation of existing situation due to minimal geomorphic effects. Repairs to 
Mullet Creek weir are supported as made in DPI reports for fish passage, total 
removal on geomorphic grounds not necessary (balance of competing and at times 
conflicting priorities),  stakeholders have continued access to freshwater.  No fish 





Removal of the weirs would allow saltwater to intrude further upstream and remove 
the continued access to freshwater desired by stakeholders.  Fish passage would be 






7.5 Recommendations for decision makers. 
 
As the weirs are seen to have minimal effects on the geomorphology and pollution 
capture of both Mullet Creek and Macquarie Rivulet, other impacts should be 
assessed in considering their removal.  As discussed earlier, there are a number of 
pros for weir maintenance, such as the prevention of saltwater travelling further 
upstream, as well as providing stakeholders with continued access to freshwater.  
 
 An effective means for fish passage has already been incorporated in to the structure 
at Macquarie Rivulet, which means total environmental impact is very low.  This low 
impact, coupled with the high cost of remediation and elimination of an important 
source of freshwater for stakeholders means that the removal of the weir is a poor 
option.  
 
 Mullet Creek weir, as detailed by NSW dpi serves as a barrier to fish passage, and the 
recommended remediation of the site is to remove the weir on both ecological and 
geomorphic grounds.  The geomorphic impacts have been negated by this study, with 
benefits also found in weir maintenance.  If the value of the weir to stakeholders is 
considered great enough, and there remains a priority to create fish passage for the 
system, the to encouraged remediation method would be to maintain the weir and 
build a fishway.  If the priority for fish passage no longer remains, weir maintenance 





7.6 Flood event 24/25th of March 2014 
 
In assessing the impacts of the weirs on the morphology and sediment transport of 
Mullet Creek and Macquarie Rivulet, it was found that they pose no significant 
barrier to natural sediment fluxes in the system, and are not seen to facilitate change 
in channel surface area morphology.  The nature of material found both upstream and 
downstream of the weirs indicate sediment transport occurs in high flow events. This 
is further confirmed by the lack of channel widening downstream independent of 
upstream.  Low flow events where sediment transport is affected and sediment starved 
water flows over the weirs would not be very erosive so no channel change is 
observed.  That sediment is transported in the events that are most likely to be erosive 
means that the weir has no significance as a focal point for channel change. 
 
The rainfall event that occurred over the 24th and 25th of March 2014 served to 
highlight the nature of high flow events in both Mullet Creek and Macquarie Rivulet 
and support results found.   
 
A period of high intensity rainfall was seen to fall in the catchments of Mullet Creek 
and Macquarie Rivulet on the afternoon of the 24th and in to the early hours of the 
morning of the 25th of March 2014.  Data sourced from Manly Hydraulics Laboratory 
provided water heights and hourly rainfall intensities for both systems, and site visits 
served to provide photographic evidence the nature of flows over the weirs under 
these increased flow conditions. 
 
Rainfall measurements used as examples for the falls experienced in Macquarie 
Rivulet was measured by the pluviometers at the Upper Calderwood and North 
Macquarie sites.  The North Macquarie pluviometer is in an area that feeds Macquarie 
Rivulet around 6km upstream from the study site and showed a total 94mm of rain 
fell during the event with the maximum intensity measured at 27.5mm in the hour 
preceding 1900 on the 24th of March.  The Upper Calderwood pluviometer which is in 
the catchment area feeding Marshall Mount creek that intersects Macquarie rivulet 
around 500m upstream of the weir experienced a total rainfall of 121mm for the storm 
event with the peak rainfall experienced of 27.5mm in the hour preceding 1900 on the 
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24th of march.  As mentioned earlier, the water height gauge is found in Macquarie 
Rivulet downstream of the weir in which water levels generally show a slight tidal 
variation ranging from 0.01m AHD in low tides and 0.25m AHD in high tides.  This 
storm event caused the water height to reach a maximum of 0.871m at 2130 on the 
24th of March.  The height of the crest of the weir was measured at 0.8m AHD and a 
downstream water height of 0.871m means that at the peak of the flood the weir was 
completely submerged.  At the time photos were taken, the flood peak had declined 







Figure 7-7 left column shows associated rainfall and flood heights for Macquarie Rivulet and its catchments. 
Right column shows rainfall and flood heights for Mullet Creek and its catchments. (note: Macquarie 





Rainfall measurements used as examples of the falls measured for the Mullet Creek 
area were taken at the Cleveland Road and Wongawilli sites.  The Cleveland Road 
site feeds an area of the Mullet Creek catchment south of the study site and showed a 
total rainfall of 158mm during the flood event with a maximum hourly intensity 
occurring in the hour to 1800 on the 24th of March with 33.0mm.  The Wongawilli 
pluviometer is located west of the study site towards the escarpment and feeds a 
tributary of Robbins Creeks that intersects Mullet Creek upstream of the weir.  The 
rainfall total recorded at this site was 149.0mm with maximum intensity occurring at 
0100 on the 25th of March.  The water height gauge for Mullet Creek is located 
upstream of the weir with low flow conditions commonly showing water heights of 
around 0.45m AHD.  The period leading up to the flood event showed an elevated 
water height of 0.85 AHD which is attributed to rainfall events in on both the 20th and 
23rd of March 2014.  The maximum height recorded at Mullet Creek was 3.539m 
AHD at 0245 on the 25th of March, this height is more than six times the water depth 
in low flow periods and three times the depth of flow after the recent rainfall events.  
 
Images were taken at both sites between 0830 and 0900 on the 25th of March with the 
weirs still completely inundated.  The rainfall events falling in the Macquarie Rivulet 
Catchment had not been sufficient to cause overbank flow at the site but flow was 
such that all of the material forming the rock ramp fishway seen downstream of the 
weir was covered.  While stage height is not seen to be greatly higher than the weir 
and it is unknown whether the transport of bedload sediment is occurring, the 
dynamic nature of the flow and the turbulence seen in overtopping the weir would 










Figure 7-8 Shows flow of water over Macquarie Rivulet weir from (a) downstream of the weir.  (b) mid weir 
and (c) upstream of the weir 
 
Stage height at Mullet Creek was found to have exceeded bankfull capacity 
considerably. At time of taking images channel overflow was seen at both the road 
linking William Beach Park with Dapto, and the section of golf course to the east of 
the park (Figure 7-8).  However, a much greater maximum stage height was indicated.  
Bent trees, with sticks and logs deposited in their upper branches, debris found in 
fences and on the road indicate as well as the deposition of ripple bedded sands 
indicate this.  Material found across the road was not analysed for grain size or other 
characteristics due to the short period of time between flood events and submission 
but indicates sufficient flow for the transport of sand material at upper extent of stage 
height at a location away from the channel. 
 
At time of taking images, where stage height was much lower than the maximum 
reached, flow over the weir was very turbulent and transport of coarse sediment could 




weir would have been very unlikely to act as any barrier to the transport of coarse 
sediment. 
 
Scour hole present after golf course seen to be caused by these high flow events  
     
 
   
Figure 7-9 flood at Mullet Creek.  (a) shows flow across topographic low connecting William Beach Park (b) 
shows flow over crest of weir showing high turbulence. (c) Shows maximum stage height as indicated by 
debris seen lying across the road, as well as sand ripples deposited on road and location of accumulation of 
sand on edge of road. (d) Sand that is found in (c) close up! 
  
 
While high flows were seen, these rainfall events pale in comparison to others 
recorded in the area, such as the August 1998 flood with maximum intensities of up to 
120mm/hr (Reinfelds and Nanson 1985) and the February 1984 flood with 796mm 
recorded in a 24hr period at the Wongawilli rainfall recording site (Nanson and Hean 
1985), they serve to show nature of high flows over the weirs at Mullet Creek and 
Macquarie Rivulet.  In a quick comparison taken with the flood recurrence interval 
graph for the West Dapto rain gauge from Nanson and Hean (1984) shows the rainfall 
totals found in the gauges during this flood event are likely to represent a flood of a 1 




submission date.  However, even rough information serves to give some idea of the 
intervals that events like these would occur that would result in the considerable 
transportation of coarse material downstream of the weirs. 
 
As seen in Lauchlan (1997) similar mechanics of sediment transport for the weirs in 
these two systems may occur.  The flow with the lowest height overtopping the weir 
had the greatest sediment discharge. If this is the case in real world scenarios then is 
may be seen that once a threshold is reached, relatively low flows overtopping the 




8 Chapter 8 – Conclusions 
 
Both Mullet Creek weir and Macquarie Rivulet weir have been assessed for the 
geomorphological impacts on their respective systems.  Previous work in the Lake 
Illawarra area had alluded to the weirs facilitating the trapping of sediment upstream, 
resulting in an absence of the bedload material in the deltas.  The past work on 
structures such as weirs, while not extensive, has showed a wide variation in their 
geomorphic effects such as sediment capture and downstream degradation. 
 
Both fluvial systems studied have shown the presence of coarse material classified as 
the streams bedload and saltating load, at locations both upstream and downstream of 
the weirs.  This, in combination with the nature of sediment found in the vibracores 
downstream indicates that sediment transport does occur and that transport occurs in 
high flow conditions.  
 
 
The Macquarie Rivulet weir is not found to facilitate geomorphic change through 
time, with no extensive downstream degradation, and channel change seen to occur 
simultaneously both upstream and downstream of the weirs  
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Mullet Creek shows some storage of sediment upstream of the weir.  This is restricted 
to sites where flow is obstructed, one by an erosive event linked to the large 1984 
flood.  The other, due to the presence of rubble fill under the Princess Highway 
Bridge.  There is no considerable accumulation in thalweg sites both up and 
downstream. There is very little sediment capture upstream of the weir at Macquarie 
Rivulet with scour prevented at locations proximal to the weir upstream and 
downstream due to the presence of a rubble armouring.    
 
Sediment transport mechanisms as explored in flume studies show that transport is 
likely to occur in flood events with at least recurrence intervals of 1 year. The flood 
risk of both fluvial systems is not enhanced by the presence of the weirs, as no 
considerable sediment storage is occurring upstream. As the impacts of the weirs have 
been minimal for the length of the study period (55 years), increased urban 
development in both catchments will likely play no role in facilitating negative 
impacts. 
 
The lack of fine material represented in the deltas of both systems is attributed to the 
hydraulic effects of the lake causing the sedimentation of coarse material at sites 
upstream of the river mouths.  These areas may serve as sites of future avulsions.  
 
These findings lead to the recommendation of the maintenance of the weirs in both 
systems.  The need of continued access to fresh water to stakeholders upstream, 
coupled with minimal geomorphic impacts provides this conclusion.  The findings 
further serve to increase knowledge on the effects of run of river dams on the 
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10.2 (B) Vibracore Grainsize Profiles 
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10.3 (C) Grain Size Analysis Data 
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0 7.5 80.5 6.6 5.4 4.8 0.1 796.2 1415.9 3350.0 666.3 0.6 2.1 0.4 
10 0.5 94.7 2.9 1.9 1.6 0.1 796.2 1415.9 2800.0 763.2 0.4 1.1 0.2 
20 4.5 91.3 2.6 1.6 1.4 0.1 796.2 1414.9 4000.0 820.4 0.3 0.9 0.1 
30 10.0 86.0 2.4 1.5 1.3 0.1 1415.9 893.4 4000.0 896.8 0.2 1.0 0.0 
40 1.8 92.0 3.2 3.0 2.6 0.1 1416.0 893.4 89.3 826.3 0.3 1.4 0.4 
50 3.3 92.2 2.7 1.8 1.6 0.1 1415.9 893.3 89.3 836.1 0.3 1.1 0.3 
60 2.9 90.6 3.3 3.2 2.8 0.0 1415.9 1002.4 89.3 856.5 0.2 1.5 0.4 
70 7.9 87.8 2.4 1.9 1.6 0.1 1415.9 1002.4 4000.0 934.1 0.1 1.2 0.2 
80 4.1 90.6 2.8 2.5 2.2 0.1 1415.9 1124.7 112.5 997.1 0.0 1.2 0.5 
88 8.2 84.3 3.9 3.6 3.2 0.1 1415.9 1123.7 3350.0 935.8 0.1 1.7 0.4 
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Particle diameter (microns) 
UMc1 92cm 
 149 





Sand           
% 





























             
0 7.5 80.5 6.6 5.4 4.8 0.1 796.2 1415.9 3350.0 666.3 0.6 2.1 0.4 
10 0.5 94.7 2.9 1.9 1.6 0.1 796.2 1415.9 2800.0 763.2 0.4 1.1 0.2 
20 4.5 91.3 2.6 1.6 1.4 0.1 796.2 1414.9 4000.0 820.4 0.3 0.9 0.1 
30 10.0 86.0 2.4 1.5 1.3 0.1 1415.9 893.4 4000.0 896.8 0.2 1.0 0.0 
40 1.8 92.0 3.2 3.0 2.6 0.1 1416.0 893.4 89.3 826.3 0.3 1.4 0.4 
50 3.3 92.2 2.7 1.8 1.6 0.1 1415.9 893.3 89.3 836.1 0.3 1.1 0.3 
60 2.9 90.6 3.3 3.2 2.8 0.0 1415.9 1002.4 89.3 856.5 0.2 1.5 0.4 
70 7.9 87.8 2.4 1.9 1.6 0.1 1415.9 1002.4 4000.0 934.1 0.1 1.2 0.2 
80 4.1 90.6 2.8 2.5 2.2 0.1 1415.9 1124.7 112.5 997.1 0.0 1.2 0.5 
88 8.2 84.3 3.9 3.6 3.2 0.1 1415.9 1123.7 3350.0 935.8 0.1 1.7 0.4 










































































































































































































































































































































Particle diameter (microns) 
UMc1 92cm 
 154 





Sand           
% 





























             
0 7.5 80.5 6.6 5.4 4.8 0.1 796.2 1415.9 3350.0 666.3 0.6 2.1 0.4 
10 0.5 94.7 2.9 1.9 1.6 0.1 796.2 1415.9 2800.0 763.2 0.4 1.1 0.2 
20 4.5 91.3 2.6 1.6 1.4 0.1 796.2 1414.9 4000.0 820.4 0.3 0.9 0.1 
30 10.0 86.0 2.4 1.5 1.3 0.1 1415.9 893.4 4000.0 896.8 0.2 1.0 0.0 
40 1.8 92.0 3.2 3.0 2.6 0.1 1416.0 893.4 89.3 826.3 0.3 1.4 0.4 
50 3.3 92.2 2.7 1.8 1.6 0.1 1415.9 893.3 89.3 836.1 0.3 1.1 0.3 
60 2.9 90.6 3.3 3.2 2.8 0.0 1415.9 1002.4 89.3 856.5 0.2 1.5 0.4 
70 7.9 87.8 2.4 1.9 1.6 0.1 1415.9 1002.4 4000.0 934.1 0.1 1.2 0.2 
80 4.1 90.6 2.8 2.5 2.2 0.1 1415.9 1124.7 112.5 997.1 0.0 1.2 0.5 
88 8.2 84.3 3.9 3.6 3.2 0.1 1415.9 1123.7 3350.0 935.8 0.1 1.7 0.4 











































































































































































































































































































































Particle diameter (microns) 
UMc1 92cm 
 159 





Sand           
% 





























             
0 7.5 80.5 6.6 5.4 4.8 0.1 796.2 1415.9 3350.0 666.3 0.6 2.1 0.4 
10 0.5 94.7 2.9 1.9 1.6 0.1 796.2 1415.9 2800.0 763.2 0.4 1.1 0.2 
20 4.5 91.3 2.6 1.6 1.4 0.1 796.2 1414.9 4000.0 820.4 0.3 0.9 0.1 
30 10.0 86.0 2.4 1.5 1.3 0.1 1415.9 893.4 4000.0 896.8 0.2 1.0 0.0 
40 1.8 92.0 3.2 3.0 2.6 0.1 1416.0 893.4 89.3 826.3 0.3 1.4 0.4 
50 3.3 92.2 2.7 1.8 1.6 0.1 1415.9 893.3 89.3 836.1 0.3 1.1 0.3 
60 2.9 90.6 3.3 3.2 2.8 0.0 1415.9 1002.4 89.3 856.5 0.2 1.5 0.4 
70 7.9 87.8 2.4 1.9 1.6 0.1 1415.9 1002.4 4000.0 934.1 0.1 1.2 0.2 
80 4.1 90.6 2.8 2.5 2.2 0.1 1415.9 1124.7 112.5 997.1 0.0 1.2 0.5 
88 8.2 84.3 3.9 3.6 3.2 0.1 1415.9 1123.7 3350.0 935.8 0.1 1.7 0.4 










































































































































































































































































































































Particle diameter (microns) 
UMc1 92cm 
 164 





Sand           
% 





























             
0 7.5 80.5 6.6 5.4 4.8 0.1 796.2 1415.9 3350.0 666.3 0.6 2.1 0.4 
10 0.5 94.7 2.9 1.9 1.6 0.1 796.2 1415.9 2800.0 763.2 0.4 1.1 0.2 
20 4.5 91.3 2.6 1.6 1.4 0.1 796.2 1414.9 4000.0 820.4 0.3 0.9 0.1 
30 10.0 86.0 2.4 1.5 1.3 0.1 1415.9 893.4 4000.0 896.8 0.2 1.0 0.0 
40 1.8 92.0 3.2 3.0 2.6 0.1 1416.0 893.4 89.3 826.3 0.3 1.4 0.4 
50 3.3 92.2 2.7 1.8 1.6 0.1 1415.9 893.3 89.3 836.1 0.3 1.1 0.3 
60 2.9 90.6 3.3 3.2 2.8 0.0 1415.9 1002.4 89.3 856.5 0.2 1.5 0.4 
70 7.9 87.8 2.4 1.9 1.6 0.1 1415.9 1002.4 4000.0 934.1 0.1 1.2 0.2 
80 4.1 90.6 2.8 2.5 2.2 0.1 1415.9 1124.7 112.5 997.1 0.0 1.2 0.5 
88 8.2 84.3 3.9 3.6 3.2 0.1 1415.9 1123.7 3350.0 935.8 0.1 1.7 0.4 










































































































































































































































































































































Particle diameter (microns) 
UMc1 92cm 
 169 





Sand           
% 





























             
0 7.5 80.5 6.6 5.4 4.8 0.1 796.2 1415.9 3350.0 666.3 0.6 2.1 0.4 
10 0.5 94.7 2.9 1.9 1.6 0.1 796.2 1415.9 2800.0 763.2 0.4 1.1 0.2 
20 4.5 91.3 2.6 1.6 1.4 0.1 796.2 1414.9 4000.0 820.4 0.3 0.9 0.1 
30 10.0 86.0 2.4 1.5 1.3 0.1 1415.9 893.4 4000.0 896.8 0.2 1.0 0.0 
40 1.8 92.0 3.2 3.0 2.6 0.1 1416.0 893.4 89.3 826.3 0.3 1.4 0.4 
50 3.3 92.2 2.7 1.8 1.6 0.1 1415.9 893.3 89.3 836.1 0.3 1.1 0.3 
60 2.9 90.6 3.3 3.2 2.8 0.0 1415.9 1002.4 89.3 856.5 0.2 1.5 0.4 
70 7.9 87.8 2.4 1.9 1.6 0.1 1415.9 1002.4 4000.0 934.1 0.1 1.2 0.2 
80 4.1 90.6 2.8 2.5 2.2 0.1 1415.9 1124.7 112.5 997.1 0.0 1.2 0.5 
88 8.2 84.3 3.9 3.6 3.2 0.1 1415.9 1123.7 3350.0 935.8 0.1 1.7 0.4 










































































































































































































































































































































Particle diameter (microns) 
UMc1 92cm 
 174 





Sand           
% 





























             
0 7.5 80.5 6.6 5.4 4.8 0.1 796.2 1415.9 3350.0 666.3 0.6 2.1 0.4 
10 0.5 94.7 2.9 1.9 1.6 0.1 796.2 1415.9 2800.0 763.2 0.4 1.1 0.2 
20 4.5 91.3 2.6 1.6 1.4 0.1 796.2 1414.9 4000.0 820.4 0.3 0.9 0.1 
30 10.0 86.0 2.4 1.5 1.3 0.1 1415.9 893.4 4000.0 896.8 0.2 1.0 0.0 
40 1.8 92.0 3.2 3.0 2.6 0.1 1416.0 893.4 89.3 826.3 0.3 1.4 0.4 
50 3.3 92.2 2.7 1.8 1.6 0.1 1415.9 893.3 89.3 836.1 0.3 1.1 0.3 
60 2.9 90.6 3.3 3.2 2.8 0.0 1415.9 1002.4 89.3 856.5 0.2 1.5 0.4 
70 7.9 87.8 2.4 1.9 1.6 0.1 1415.9 1002.4 4000.0 934.1 0.1 1.2 0.2 
80 4.1 90.6 2.8 2.5 2.2 0.1 1415.9 1124.7 112.5 997.1 0.0 1.2 0.5 
88 8.2 84.3 3.9 3.6 3.2 0.1 1415.9 1123.7 3350.0 935.8 0.1 1.7 0.4 










































































































































































































































































































































Particle diameter (microns) 
UMc1 92cm 
 179 





Sand           
% 





























             
0 7.5 80.5 6.6 5.4 4.8 0.1 796.2 1415.9 3350.0 666.3 0.6 2.1 0.4 
10 0.5 94.7 2.9 1.9 1.6 0.1 796.2 1415.9 2800.0 763.2 0.4 1.1 0.2 
20 4.5 91.3 2.6 1.6 1.4 0.1 796.2 1414.9 4000.0 820.4 0.3 0.9 0.1 
30 10.0 86.0 2.4 1.5 1.3 0.1 1415.9 893.4 4000.0 896.8 0.2 1.0 0.0 
40 1.8 92.0 3.2 3.0 2.6 0.1 1416.0 893.4 89.3 826.3 0.3 1.4 0.4 
50 3.3 92.2 2.7 1.8 1.6 0.1 1415.9 893.3 89.3 836.1 0.3 1.1 0.3 
60 2.9 90.6 3.3 3.2 2.8 0.0 1415.9 1002.4 89.3 856.5 0.2 1.5 0.4 
70 7.9 87.8 2.4 1.9 1.6 0.1 1415.9 1002.4 4000.0 934.1 0.1 1.2 0.2 
80 4.1 90.6 2.8 2.5 2.2 0.1 1415.9 1124.7 112.5 997.1 0.0 1.2 0.5 
88 8.2 84.3 3.9 3.6 3.2 0.1 1415.9 1123.7 3350.0 935.8 0.1 1.7 0.4 















































































































































































































































































































































Sand           
% 






























               
0 0 94.78 4.76 0.46 0 414.32 414.29 48.93 8.61 400.19 1.32 0.81 0.31 2.11 
10 0 95.73 4.02 0.25 0 436.99 427.92 49.75 9.01 418.93 1.26 0.55 0.08 1.09 
20 0 95.66 4.02 0.33 0 437.34 421.87 48.53 8.74 414.04 1.27 0.6 0.08 1.09 
30 -3.13 93.98 4.53 4.63 4.17 0.06 709.6 4000.00 11.25 609.76 0.71 1.59 0.43 3.26 
40 -0.94 90.50 5.35 5.09 4.55 0.07 709.63 1415.89 4000.00 618.37 0.69 1.79 0.43 2.93 
50 -6.14 86.18 11.50 8.45 7.10 0.05 632.46 12.62 70.96 208.81 2.26 3.65 0.80 4.76 
60 0.00 76.34 21.03 2.63 0.44 285.40 363.70 43.62 0 156.14 2.68 2.08 0.56 1.1 


























































































































































































































































Sand           
% 
































              
0 7.30 88.57 2.85 1.28 1.12 0.01 1415.89 1124.68 4000.00 1046.08 -0.06 1.01 0.26 1.91 
10 5.55 86.17 4.35 3.93 3.60 0.01 1415.89 1002.37 3350.00 934.73 0.10 1.61 0.42 2.95 
20 13.06 80.04 3.67 3.22 2.92 0.01 1415.89 1124.68 4000.00 1047.27 -0.07 1.63 0.40 2.68 
30 11.75 83.50 2.65 2.10 1.91 0.02 1415.89 1124.68 8000.00 1052.20 -0.07 1.38 0.15 2.39 
40 8.59 81.75 4.71 4.96 4.33 0.01 1415.89 893.37 4000.00 836.79 0.26 1.94 0.32 3.22 
46 27.73 64.15 3.72 4.40 3.79 0.02 4000.00 709.63 1415.89 1055.48 -0.08 2.20 0.13 1.73 
53 44.46 48.93 3.57 3.04 2.52 2.41 4000.00 1415.89 1700.00 1944.15 -0.96 2.19 0.18 1.84 
60 0.00 80.97 15.44 3.58 0.73 393.07 453.59 8.20 35.89 203.11 2.30 2.21 0.64 2.05 
70 0.00 94.04 4.86 1.10 0.14 610.58 594.25 66.64 8.79 567.76 0.82 1.10 0.32 2.24 
80 0.00 90.26 8.09 1.64 0.30 388.52 396.77 42.64 7.12 345.03 1.54 1.34 0.37 2.14 
87 30.09 58.93 6.15 4.83 3.83 1.40 4000.00 1415.89 2360.00 1031.64 -0.04 2.42 0.46 1.71 
92 15.14 46.35 17.52 20.99 18.10 1.47 8000.00 4000.00 502.38 54.32 4.20 5.73 0.53 1.06 
































Particle diameter (microns) 














































































































































































































































































































































































Sand           
% 
































              
0 5.02 88.28 3.52 3.18 2.90 0.01 893.37 1415.89 4000.00 852.76 0.23 1.49 0.35 2.64 
10 11.17 82.75 3.23 2.85 2.59 0.01 1415.89 1002.37 8000.00 985.95 0.02 1.68 0.20 2.87 
20 7.46 87.46 2.85 2.23 2.03 0.01 1415.89 1002.37 100.24 987.86 0.02 1.19 0.32 2.12 
30 7.94 88.16 2.75 1.15 1.00 0.01 1415.89 1124.68 112.47 1031.74 -0.05 1.01 0.22 1.87 
40 -2.68 94.72 3.86 4.10 3.71 0.00 796.21 2360.00 79.62 659.18 0.60 1.45 0.42 3.45 
50 -1.11 94.15 3.34 3.62 3.33 0.00 709.63 4000.00 79.62 661.43 0.60 1.36 0.38 3.15 
60 0.00 96.32 3.16 0.53 0.01 638.68 603.74 69.41 0.00 595.02 0.75 0.66 0.07 1.08 
66 19.63 70.88 5.00 4.49 3.90 0.34 1415.89 4000.00 709.63 900.65 0.15 2.36 0.18 2.17 
70 52.50 44.72 1.46 1.33 1.17 0.67 8000.00 1415.89 4000.00 2369.82 -1.24 1.44 0.02 0.71 
80 46.63 50.16 1.64 1.57 1.36 0.58 8000.00 1415.89 4000.00 2271.17 -1.18 1.39 -0.12 1.13 



















































































































































































































































































































































Sand           
% 





























               
0 29.47 64.72 3.02 2.79 2.44 0.43 1415.89 4000.00 1700.00 1557.03 -0.64 1.65 0.29 2.47 
10 28.66 61.09 6.22 4.03 3.38 0.51 1415.89 1700.00 8000.00 1453.24 -0.54 2.17 0.23 3.00 
20 30.68 63.18 3.24 2.90 2.53 0.48 1415.89 1700.00 4000.00 1538.34 -0.62 1.82 0.21 2.66 
30 37.84 57.04 2.52 2.59 2.21 0.65 1415.89 8000.00 4000.00 1751.32 -0.81 1.66 0.13 1.77 
40 14.27 77.27 4.06 4.40 3.77 0.38 1415.89 4000.00 8000.00 1137.60 -0.19 1.94 0.35 4.08 
50 0.00 52.92 40.57 6.51 1.44 104.61 126.96 0.00 0.00 50.48 4.31 2.07 0.34 0.91 
60 0.00 91.86 6.79 1.35 0.23 296.76 304.32 34.99 6.13 277.47 1.85 1.06 0.34 2.10 
70 0.00 91.35 7.14 1.51 0.26 290.97 298.42 33.37 6.10 270.21 1.89 1.12 0.35 2.17 
83 0.00 69.53 26.34 4.12 0.80 222.77 317.16 45.42 0.00 109.78 3.19 2.25 0.50 0.92 
86 0.00 64.46 30.44 5.10 1.03 175.68 283.83 0.00 0.00 84.24 3.57 2.25 0.42 0.89 
90 0.00 87.43 10.53 2.04 0.36 281.69 304.35 34.54 7.01 243.47 2.04 1.39 0.42 2.07 
95 0.00 70.51 24.96 4.53 0.89 176.92 234.34 12.25 0.00 92.02 3.44 2.13 0.50 1.04 
100 0.00 86.97 10.71 2.31 0.42 267.47 291.49 31.90 6.67 236.35 2.08 1.38 0.43 2.22 
110 0.00 60.26 34.23 5.52 1.00 115.44 181.41 15.39 0.00 61.06 4.03 2.07 0.49 0.82 
115 0.00 77.14 19.67 3.19 0.52 239.69 300.98 36.28 9.87 135.41 2.88 2.02 0.59 1.36 
120 0.00 57.37 37.04 5.59 0.89 146.61 240.98 13.25 0.00 66.14 3.92 2.30 0.38 0.75 
125 0.00 81.90 15.54 2.57 0.44 262.95 306.88 36.34 9.02 169.63 2.56 1.81 0.58 1.87 
130 0.00 35.42 54.92 9.67 1.69 51.57 110.98 11.92 0.00 26.01 5.26 1.95 0.09 0.70 





























































































































































































































































































































































































































































































































































































Particle diameter (microns) 
DMu1 140cm 
 207 





Sand           
% 





























               
0 29.47 64.72 3.02 2.79 2.44 0.43 1415.89 4000.00 1700.00 1557.03 -0.64 1.65 0.29 2.47 
10 28.66 61.09 6.22 4.03 3.38 0.51 1415.89 1700.00 8000.00 1453.24 -0.54 2.17 0.23 3.00 
20 30.68 63.18 3.24 2.90 2.53 0.48 1415.89 1700.00 4000.00 1538.34 -0.62 1.82 0.21 2.66 
30 37.84 57.04 2.52 2.59 2.21 0.65 1415.89 8000.00 4000.00 1751.32 -0.81 1.66 0.13 1.77 
40 14.27 77.27 4.06 4.40 3.77 0.38 1415.89 4000.00 8000.00 1137.60 -0.19 1.94 0.35 4.08 
50 0.00 52.92 40.57 6.51 1.44 104.61 126.96 0.00 0.00 50.48 4.31 2.07 0.34 0.91 
60 0.00 91.86 6.79 1.35 0.23 296.76 304.32 34.99 6.13 277.47 1.85 1.06 0.34 2.10 
70 0.00 91.35 7.14 1.51 0.26 290.97 298.42 33.37 6.10 270.21 1.89 1.12 0.35 2.17 
83 0.00 69.53 26.34 4.12 0.80 222.77 317.16 45.42 0.00 109.78 3.19 2.25 0.50 0.92 
86 0.00 64.46 30.44 5.10 1.03 175.68 283.83 0.00 0.00 84.24 3.57 2.25 0.42 0.89 
90 0.00 87.43 10.53 2.04 0.36 281.69 304.35 34.54 7.01 243.47 2.04 1.39 0.42 2.07 
95 0.00 70.51 24.96 4.53 0.89 176.92 234.34 12.25 0.00 92.02 3.44 2.13 0.50 1.04 
100 0.00 86.97 10.71 2.31 0.42 267.47 291.49 31.90 6.67 236.35 2.08 1.38 0.43 2.22 
110 0.00 60.26 34.23 5.52 1.00 115.44 181.41 15.39 0.00 61.06 4.03 2.07 0.49 0.82 
115 0.00 77.14 19.67 3.19 0.52 239.69 300.98 36.28 9.87 135.41 2.88 2.02 0.59 1.36 
120 0.00 57.37 37.04 5.59 0.89 146.61 240.98 13.25 0.00 66.14 3.92 2.30 0.38 0.75 
125 0.00 81.90 15.54 2.57 0.44 262.95 306.88 36.34 9.02 169.63 2.56 1.81 0.58 1.87 
130 0.00 35.42 54.92 9.67 1.69 51.57 110.98 11.92 0.00 26.01 5.26 1.95 0.09 0.70 





























































































































































































































































































































































































































































































































































































Particle diameter (microns) 
DMu1 140cm 
 215 





Sand           
% 
































              
0 -0.57 92.39 4.31 3.88 3.60 0.01 1415.89 709.63 2800.00 650.99 0.62 1.61 0.35 2.32 
10 6.32 90.19 2.02 1.47 1.45 0.01 1415.89 796.21 2800.00 822.36 0.28 0.94 0.06 0.98 
20 5.89 90.26 2.34 1.52 1.43 0.01 1415.89 1002.37 4000.00 881.90 0.18 0.96 0.17 1.09 
30 7.44 88.39 2.60 1.58 1.46 0.01 1415.89 1002.37 4000.00 888.16 0.17 1.01 0.16 1.19 
40 4.55 89.00 3.45 3.00 2.67 0.01 1415.89 1002.37 0.00 849.60 0.24 1.50 0.41 2.11 
50 3.99 91.34 2.77 1.91 1.69 0.01 1415.89 796.21 3350.00 777.66 0.36 1.16 0.23 1.42 
60 5.67 90.81 2.07 1.46 1.30 0.01 1415.82 893.37 4000.00 880.59 0.18 0.89 0.09 1.06 
70 6.68 89.12 2.66 1.54 1.21 0.01 1415.89 1002.37 4000.00 950.87 0.07 1.23 0.10 2.10 
80 0.32 91.85 3.84 3.99 3.54 0.01 796.21 1415.89 4000.00 733.60 0.45 1.54 0.36 3.07 
86 -8.29 41.07 51.16 16.06 9.35 0.00 10.02 563.37 1415.89 29.06 5.10 3.79 0.02 1.36 
90 -4.22 58.90 33.26 12.06 7.78 0.01 1415.89 796.21 11.25 98.13 3.35 4.23 0.49 1.05 



















































































































































































































































































































































































Particle diameter (microns) 
DMc4 100cm 
 220 





Sand           
% 
































              
0 0.25 88.73 6.11 4.91 4.58 0.01 1415.89 1002.37 100.24 736.42 0.44 1.82 0.51 2.76 
10 4.76 90.59 3.16 1.49 1.39 0.01 1415.89 1002.37 4000.00 933.19 0.10 1.09 0.32 0.30 
20 2.42 90.46 3.96 3.16 2.98 0.01 1415.89 141.59 22.40 935.80 0.10 1.45 0.51 2.55 
30 3.57 90.04 3.57 2.82 2.65 0.01 1415.89 1124.68 4000.00 979.98 0.03 1.37 0.47 2.54 
40 4.81 90.20 2.81 2.17 2.05 0.01 1415.89 1002.37 3350.00 934.47 0.10 1.16 0.37 1.83 
50 0.00 36.51 58.95 4.53 0.51 143.76 23.39 522.25 0.00 45.03 4.47 2.38 -0.20 0.92 
60 18.67 77.51 2.16 1.67 1.50 0.02 1415.89 1124.68 1700.00 1226.12 -0.29 1.00 0.15 1.25 
70 14.92 81.62 2.29 1.17 0.99 0.00 1415.82 1002.37 4000.00 1093.66 -0.13 0.93 0.02 1.25 
80 17.92 79.19 1.97 0.92 0.84 0.00 1415.89 1124.68 3350.00 1188.53 -0.25 0.94 0.07 1.18 
90 0.00 17.85 69.54 12.61 2.12 66.60 10.66 348.57 0.00 17.76 5.82 2.12 -0.24 1.14 
100 0.00 13.87 71.86 14.27 2.75 48.81 10.69 333.71 0.00 14.01 6.16 1.95 -0.23 1.24 
110 0.00 28.00 59.85 12.15 2.34 92.98 10.18 341.49 0.00 27.62 5.18 2.55 -0.30 0.80 
116 -8.76 72.95 23.81 12.01 9.05 0.00 399.05 12.62 0.00 87.01 3.52 3.71 0.75 1.30 
120 -6.68 82.80 14.54 9.34 7.60 0.00 632.46 12.62 0.00 162.59 2.62 3.76 0.79 2.15 






























































Particle diameter (microns) 










































































































































































































































































































































































































Sand           
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0 -1.40 89.70 5.85 5.85 5.28 0.07 503.38 1415.89 3359.00 409.71 1.29 2.85 0.47 4.91 
10 6.74 84.08 4.65 4.52 4.17 0.11 563.68 1415.89 4000.00 579.77 0.79 1.89 0.23 2.38 
20 14.70 77.32 3.71 4.27 3.91 0.20 8000.00 447.74 1415.89 594.43 0.75 2.15 -0.07 3.38 
30 -2.33 86.88 8.71 6.74 5.78 0.08 502.38 1415.89 44.74 346.03 1.53 3.35 0.56 3.90 
35  20.57 69.75 9.68 1.14 35.30 11.24 111.47 0.00 18.85 5.73 1.82 -0.18 0.84 
40  75.39 21.25 3.36 0.52 208.29 256.78 21.85 0.00 112.55 3.15 2.05 0.59 1.24 
50  15.12 71.41 13.46 2.12 39.02 9.56 0.00 0.00 15.03 6.06 1.85 -0.20 1.00 
60 5.27 83.75 5.71 5.27 4.55 0.11 1415.89 1124.68 14.16 655.94 0.61 2.14 0.55 2.19 
70 11.29 83.30 2.84 2.57 2.28 0.13 1415.89 1002.37 4000.00 985.62 0.02 1.43 0.32 2.07 
80 16.00 80.06 2.13 1.80 1.62 0.02 1415.89 1124.68 4000.00 1172.70 -0.23 1.29 0.15 2.21 
90 7.39 87.10 2.93 2.57 2.29 0.02 1415.90 1124.68 4000.00 969.75 0.04 1.37 0.39 2.19 
100 -1.39 91.40 5.11 4.89 4.34 0.01 796.21 1415.89 3350.00 638.79 0.65 1.80 0.43 2.78 
108  60.85 33.58 5.57 0.90 288.72 510.93 11.30 76.36 101.24 3.30 2.71 0.41 0.68 
113  92.81 5.95 1.24 0.18 419.07 427.42 7.52 25.76 352.11 1.51 1.33 0.32 1.69 
120 16.98 73.33 5.04 4.65 4.15 0.02 4000.00 709.63 1415.89 833.76 0.26 2.12 0.16 2.54 
130 53.00 42.62 2.28 2.10 1.82 0.05 8000.00 4000.00 1415.89 2237.85 -1.16 1.75 0.19 0.93 
140 52.43 42.18 3.06 2.33 1.95 0.04 4000.00 1415.89 2360.00 1624.98 -0.70 1.64 0.57 1.53 
150 14.52 63.68 14.53 7.27 5.49 5.01 1415.89 4000.00 355.66 253.73 1.98 4.19 0.47 1.89 
156 -5.71 51.39 42.76 11.56 8.27 1.49 1700.00 112.47 1415.89 44.10 4.50 3.63 0.29 1.78 
160 24.64 54.22 15.69 5.45 4.12 6.58 1415.89 4000.00 1700.00 439.51 1.19 3.06 0.63 0.95 
170 19.45 66.77 8.70 5.08 3.96 6.35 1415.89 1700.00 4000.00 709.07 0.50 2.52 0.68 2.02 
180 19.65 59.83 14.04 6.48 4.67 6.04 1415.89 1700.00 2360.00 384.61 1.38 3.18 0.67 1.27 
190 -1.13 64.93 24.21 11.99 8.43 2.52 502.38 1415.89 3350.00 91.76 3.45 3.96 0.58 1.33 
210 -4.80 80.74 15.52 8.54 6.93 0.66 709.63 1415.89 56.37 191.34 2.39 3.79 0.70 1.90 
220 -3.58 79.84 14.80 8.93 6.98 0.74 1415.89 796.21 12.62 195.75 2.35 3.92 0.73 1.89 
230 1.87 79.54 11.06 7.53 6.01 0.90 1415.89 893.37 14.16 296.67 1.75 3.20 0.96 1.92 












































































































































































































































































































































































































































































































































































































































































































































































































































Particle diameter (microns) 
UMu1 210cm 
 241 
 
 
 
10.4  
 
